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SUN  MUZZLE  FLASH  RESEARCH 
AT  THE  FRAUNHOFER- INSTITUTE  EMI-AFB 

Guenter  Klingenberg 


Fraunhofer-Institut  fuer  Kurzzeitdynamik,  Ernst-Mach-Institut, 
Abteilung  fuer  Ballistik  (EMI-AFB),  Hauptstrasse  18, 

D  -  7858  Weil  am  Rhein,  F.R.G. 


ABSTRACT 


Gun  muzzle  flash  research  in  the  Fraunhofer-Institut  fuer 
Kurzioitdynamik  (EMI-AFB)  began  in  the  late  1960's.  Major  activi¬ 
ties  were  directed  toward  the  study  of  two-phase  reacting  muzzle 
flows  of  small-arms  weapons.  Early  work  was  focused  on  the  gas- 
dynamics  involved  using  visualization  methods  and  measuring  quanti¬ 
tatively  flow  parameters.  Then,  studies  were  performed  on  the 
generation  of  gun  muzzle  flash  and  on  flash  inhibition  by  alkali 
salt*  using  spectroscopic  methods  for  determining  gas  phase  temper¬ 
ature  and  gas  velocity  changes.  Most  recently,  the  research  empha¬ 
sis  has  shifted  to  the  simulation  of  relatively  well-defined, 
reacting  gas  flows  by  means  of  a  gas  gun.  The  gas  gun  is  driven  by 
the  combustion  of  suitably  diluted  mixtures  of  hydrogen  and  oxygen 
and  thus  is  capable  of  simulating  the  gun  muzzle  flash  phenomena 
with  particularly  simple  chemistry.  The  present  paper  summarizes 
briefly  the  EMI-AFB  activities  and  presents  some  results  of  measure¬ 
ments  obtained  most  recently  with  the  7.62  mm  NATO  rifle  and  the 
gas  gun  simulator. 
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1.  INTRODUCTION 


Our  understanding  of  the  chemical  and  physical  properties 
that  contribute  to  the  phenomenon  of  gun  muzzle  flash  arid  of  flash 
inhibition  by  chemical  additives  has  grown  1".  recent  years.  At  the 
Fraunhofer-lnstitut  fuer  Kurzzeitdynamilc  (EMI-AFB)  research  work 
on  transitional  ballistics  including  muzzle  blast  and  flash  pheno¬ 
mena  commenced  in  the  late  1960's.  The  EMI-AFB  research  efforts, 
partly  performed  in  cooperation  with  the  Franco-German  Research 
Institute  (ISL) ,  St.  Louis,  France,  and  the  U.S.  Army  Research 
Laboratory  (BRL) ,  APG,  MD,  USA,  have  borne  a  share  in  the  eluci¬ 
dation  of  gun  muzzle  flash  and  flash  inhibition  phenomena.  Relevant 
EMI-AFB  publications  in  Monographs  [1,2],  Journals  [3-8],  Pro¬ 
ceedings  [9-20] ,  and  Laboratory  Reports  [21-47]  are  listed  in  the 
attached  bibliography.  The  papers  listed  in  references  1  and  2  were 
also  published  as  EMI-AFB  reports  [43,44]. 

One  of  the  results  of  the  above  mentioned  reviews  [2,20,44] 
has  been  the  extension  of  a  hypothesis  [15,17,39,40]  on  the  gener¬ 
ation  of  gun  muzzle  flash  and  its  inhibition  by  alkali  salt  addi¬ 
tives.  Basically  the  novel  hypothesis  states  that  the  ignition 
source  for  secondary  flash  is  the  temperature  of  the  preceding 
intermediate  flash  [17,44],  This  temperature  may  have  two  sources, 
namely,  (a)  shock  heating  as  the  propellant  muzzle  effluents  pass 
through  the  inner  shock  disk  (Mach  disk'  which  terminates  the 
highly  underexpanded  jet  flow  region  t'j],  and  (b)  exothermic  com¬ 
bustion  reactions  initiated  farther  downstream  from  the  inner  shock 
disk  (Mach  disk) .  The  former  is  well-known  while  the  latter  was 
first  assumed  in  reference  5.  More  recently,  a  re-evaluation  of 
experimental  data  in  reference  44  has  put  new  emphasis  on  the  hypo¬ 
thesized  combustion  reactions  in  the  intermediate  flash  region  and 
pointed  out  the  importance  of  the  turbulence  observed  in  gun  muzzle 
flows  [4,5,6].  The  assumption  [44]  was  that  oxygen  from  the  air, 
which  is  squeezed  between  the  outer  blast  wave  and  the  muzzle  ef¬ 
fluent,  is  already  turbulently  entrained  end  carried  to  the  core 


region  of  the  intermediate  flash  during  the  formation  of  this 
flash  thus  providing  the  means  for  initiating  combustion  in  this 
area.  Furthermore,  it  was  proposed  that  the  inhibition  of  second¬ 
ary  flash  by  alkali  salt  additives  commences  in  the  intermediate 
flash  region  and  thus  affects  the  initial  combustion  reactions  so 
that  the  temperature  in  the  intermediate  flash  stays  below  the 
ignition  level  required  for  the  initiation  of  the  secondary  flash 
[17,43,44]. 

A  necessary  condition  to  support  the  above  hypothesis  is  that 
the  formation  of  slip  lines  downstream  from  the  triple  points  of 
the  inner  shock  bottle  of  the  expanding  muzzle  flow  must  be  hin¬ 
dered  by,  or  they  must  be  destroyed  by  the  turbulent  flow  which 
prevails  in  this  flow  region.  If  the  slip  line  formation  is 
hindered  or  destroyed,  then  mass  transport  of  air  to  the  core  flow 
region  of  the  intermediate  flash  is  possible  so  that  combustion  may 
follow  the  turbulent  mixing  of  unburnt  fuels  with  the  oxygen  of 
the  air. 

The  above  condition  was  most  recently  investigated  in  the 
precursor  flow  of  the  7.62  ma  rifle  [20],  This  precursor  flow  is 
free  from  the  complicating  affects  of  the  projectile  and  of  chemi¬ 
cal  reactions  because  it  consists  of  air  that  is  pushed  out  of  the 
gun  tube  ahead  of  the  projectile  [1,5,43].  From  these  first  inves¬ 
tigations,  it  was  found  that  the  formation  of  the  slip  line  in  the 
precursor  flow  of  the  7.62  mm  rifle  is  indeed  absent  at  some 
small  distance  from  the  inner  shock  disk  (Much  disk)  [20] .  In  view 
of  the  similarities  that  exist  between  the  first  precursor  flow 
and  the  main  propellant  gas  flow,  produced  after  projectile  ejec¬ 
tion,  it  was  concluded  that  slip  lines  will  also  be  absent  in  the 
main  flow  [20],  The  present  paper  reports  on  a  follow-on  study, 
performed  to  examine  the  slip  formation  in  the  propellant  gas  flow 
of  the  7.62  mm  rifle.  As  in  reference  [20],  the  propellant  gas 
plume  is  probed  by  a  laser  Doppler  velocimeter . 


In  addition  to  the  above  investigation  in  actual  gun  firings, 
simulation  experiments  are  currently  under  way  at  EMI-AFB  to  over¬ 
come  the  limitations  encountered  in  real  transitional  ballistic 
cycles  [1,8,19,43].  A  gas  gun  that  permits  the  generation  of 
relatively  clean,  simplified,  reacting  gas  flows  with  realistic 
ballistic  gas  pressures  and  temperatures  has  been  developed.  The 
gas  gun  is  driven  by  the  combustion  of  suitably  diluted  mixtures 
of  hydrogen  and  oxygen.  Therefore,  it  is  capable  of  simulating  the 
gun  muzzle  flash  phenomena  with  particularly  simple  gas  phase 
chemistry  [8,19],  Some  results  of  the  gas  gun  studies  on  the 
muzzle  flash  formation  and  its  suppression  by  alkali  salt  additives 
are  also  presented. 

2.  BACKGROUND 
^ . 1  Quasi-Steady  Plow  Approach 

Because  of  the  complexity  of  real  muzzle  flows  from  guns, 
theoretical  and  experimental  analysis  of  the  gas  dynamics  have 
often  relied  on  the  simplified,  quasi-steady  flow  approach  [43,44]. 

The  inner  structure  of  quasi-steady  jets  such  as  rocket  motor 
exhausts  depends  upon  the  nozzle  exit  gas  properties.  The  expan¬ 
sion  ratio  is  often  described  in  terms  of  the  nozzle  exit  gas  pres¬ 
sure,  p^ ,  to  the  ambient  pressure,  pQ  [5,43].  For  example,  Figure  1 
presents  the  shadowgraph  of  a  free  air  jet  taken  for  two  different 
pressure  ratios  [20].  The  multiple  shock  structure  at  Pj/P0  ■  3.7 
changes  to  the  single  shock  bottle  structure  for  P^/pQ  >  7. 

Figure  2  shows  schematically  the  single  shock  structure  of  a 
quasi-steady  free  jet  flow.  The  highly  underexpanded  supersonic 
flow  (M  »  1)  ii,  terminated  laterally  by  the  formation  of  the  barrel 
shock  and  axially  by  the  Mach  disk.  The  junction  of  these  two 
shocks  is  also  intercepted  by  the  reflected  shock  and  the  slip  line 
The  highly  underexpanded  supersonic  jet  flow  region  (M»l)  and 
the  decelerated  subsonic  flow  (M <  1),  downstream  from  the  Mach  disk 
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Pig.  1:  Steady  free  air  jet  flow  at  Pj/P0  ■  3.7  and  7.1  [20] 
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Fig.  2:  Schematic  of  highly  underexpanded  free  jet  flow  pattern 
(pe:  muzzle  exit  pressure,  p^s  ambient  pressure) 

are  both  surrounded  by  a  supersonic  flow  1)  which  is  separated 
from  the  core  flow  region  either  by  the  barrel  shock  or  by  the  slip 
line.  Such  slip  line  formation  was  experimentally  confirmed  by 
velocity  measurements  [20] .  The  radial  velocity  profile  at  the 
measurement  plane  of  Figure  2  downstream  from  the  Mach  disk  would 
show  the  discontinuous  profile  seen  in  Figure  3.  The  slip  line  con¬ 
stitutes  a  boundary  between  regions  of  equal  pressure  but  drasti¬ 
cally  different  flow  velocities  with  the  result  that  mass  transport 
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Fig.  3s  Schematic  of  typical  velocity  profile  downstream  from 
the  Mach  disk  of  a  steady  free  jet 

is  prohibited  across  this  boundary.  Thus,  no  influx  of  air  to  the 
core  flow  region  of  a  quasi-steady  rocket  exhaust  can  occur. 
Therefore,  the  "intermediate"  radiation  zone  of  rocket  exhausts 
that  commences  downstream  from  the  Mach  disk  [28,46]  is  due  only 
to  shock  heating  processes. 


2.2  Transient  Gun  Muzzle  Flows 

Relative  to  the  case  above,  highly  unsteady  gun  muzzle  exhaust 
flows  are  more  complex.  Their  flow  patterns  are  unique  in  that  the 
formation  of  the  outer  strong  shock  or  blast  wave  which  surrounds 
the  muzzle  flow  field  significantly  restrains  the  expanding  jet 
flow.  For  example.  Figure  4  shows  the  axial  trajectories  of  the 
visualized  7.62  mm  gun  muzzle  flow  discontinuities  as  obtained 
from  shadowgraphs  [5,43].  Figure  4  shows  the  motion  of  the  inner 
shock  disk  (Mach  disk)  of  the  two  precursors  and  the  main  propel¬ 
lant  gas  flow  as  well  as  the  motion  of  the  blast  waves  and  the 
motion  of  the  turbulent  gas/air  interface  as  obtained  from  shadow¬ 
graphs  [5] .  Also,  the  appropriate  X/D  ■  f  ( t ) —  and  x  -  f(t)-laws 
for  the  discontinuities  of  the  main  propellant  gas  flow  [5]  are 
given  in  Figure  4 . 


x  •  fit)  function 


7.62  mm  gun  precursor  and  main  propellant  gas  flow  [5] 


As  can  be  seen,  for  t<  0.4  ms,  the  motion  of  the  inner  shock  disk 
{Mach  disk)  of  the  main  propellant  gas  flow  is  closely  coupled  to 
the  motion  of  the  blast  wave.  The  resulting  restraint  of  the 
muzzle  effluent  flow  by  the  blast  wave  lasts  for  a  relatively  long 
time,  and  it  has  important  consequences.  This  restraint  affects 
not  only  the  time-dependent  formation  of  inner  shock  structures 
that  bound  the  highly  underexpanded  supersonic  region  but  also  the 
volume  between  the  outer  blast  wave  and  the  supersonic  region  [5] . 

Figure  5  depicts  the  flow  development  of  the  main  propellant 
gas  flow  fpr  the  situation  where  the  blast  wave  begins  to  decouple 
from  the  gas  plume.  For  reference,  the  primary  and  intermediate 
flash  regions  are  also  marked  in  this  figure.  The  secondary  flash 
does  not  appear  because  it  occurs  at  a  still  later  stage  of  the 
development,  i.e.,  at  times  t  £  0.8  ms  [3,5]. 
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Fig.  5:  Schematic  of  7.62  om  gun  muzzle  exhaust  flow  pattern  at 
t  ■  0.4  ms  after  projectile  ejection 

At  t  ■  0.4  ms  (see  Figure  5),  the  triple-point  configuration 
known  from  steady  jet  studies  has  just  been  formed.  At  earlier 
times  the  shock  bottle  configuration  is  different  from  the  steady 
jet  structure  and  changes  significantly  with  time  [5] .  The  re¬ 
straint  by  the  outer  blast  wave  has  resulted  in  the  formation  of 
the  toroidally  ring-shaped  cloud  of  gases  which  surrounds  the 
supersonic  flow  region.  In  addition,  the  flow  is  turbulently  con¬ 
strained  at  the  forward  bulge  of  the  propellant  gas  plume  [5,43]  . 
Between  the  outer  turbulent  gas/air  Interface  and  the  blast  wave 
Is  a  volume  of  trapped  air.  This  air  is  turbulently  entrained  in 
the  gas  plume  and  mixed  with  the  constrained  flow. 

From  previous  measurements  of  flow  velocities  of  the  effluent 
of  a  7.62  mm  rifle  there  exist  indications  that  the  flow  downstream 
of  the  Mach  disk  is  turbulent  and  constrained.  One  such  measurement 
technique  is  based  on  labelling  flow  elements  by  luminous  tracers 
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produced  by  laser-induced  gas  breakdown  [4] ,  A  locally  confined 

5 

plasma  blob  with  a  temperature  in  excess  of  10  K  is  generated  in 
a  small  volume.  The  blob  has  a  lifetime  in  excess  of  10~^  a  and  is 
propagated  with  the  surrounding  ga3.  Two  open-shutter  cameras 
placed  orthogonally  determine  the  direction  of  flow  propagation, 
(location  within  the  flow  field  is  obtained  from  a  shadowgraph 
taken  simultaneously  with  the  photographs.)  Such  measurements  show 
that  the  flow  Velocity  is  greatly  diminished  in  the  intermediate 
flash  region  for  a  relatively  long  time.  During  this  interval  the 
blob  does  not  move  at  all  or  only  very  slowly  on  twisted  trajec¬ 
tories.  Sometimes  it  even  moves  in  an  upstream  direction.  An 
example  of  such  a  velocity  measurement  is  given  in  Figure  6. 

INNER  SHOCK 

DSC  (a) 


Fig.  6:  Open-shutter  photographs  of  the  motion  of  the  radiating 
plasma  blob  inside  the  7.62  mm  gun  muzzle  blast  field 
taken  in  two  orthogonal  planes 


The  laser  pulse  was  focused  on  axis  and  the  arrows  superimposed  on 
the  photos  show  the  planar  projection  of  the  local  gas  motion.  Such 
a  flow  is  indicative  of  turbulence. 


Figure  7  shows  velocity  measurements  for  a  7.62  mm  rifle  taken 
125  cm  from  the  muzzle.  Both  the  laser  tracer  [4]  ,  just  discussed 
above,  and  the  laser  velocimeter  measurements  show  good  agreement. 
The  fact  that  the  flow  velocity  drastically  diminishes  or  even 
reverses  direction  was  assumed  to  be  due  to  heat  released  by  com¬ 
bustion  in  the  intermediate  flash  region  (4,5] .  We  see  that  the 
combustion  in  the  intermediate  flash  is  assumed  since  1976.  This 
change  of  flow  velocity  has  a  measured  duration  of  about  0.5  ms 
allowing  time  for  chemical  processes  to  take  place  [43,44]. 
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Fig.  7:  Axial  flow  velocity  vs.  time  as  measured  in  the  7.62  torn 
gun  muzzle  blast  field  at  a  distance  of  125  mm  from  the 
muzzle  by  both  the  laser  tracer  and  the  laser  Doppler 
velocimeter  methods 

A  sequence  of  two  schlieren  picture?  of  the  propellant  gas 
plume  at  the  muzzle  of  the  7.62  mm  rifle  are  shown  in  Figure  8. 

A  recognizable  single  Mach  disk  and  barrel  shock  structure  can  be 
seen  in  Figure  8. even  2.985  ms  after  shot  ejection.  The  picture, 
taken  4.585  ms  after  shot  ejection,  shows  the  subsequent  evolution 
of  the  flow  into  the  multiple  Mach  structure  that  characterizes 
steady-state  expansions.  These  two  photos,  separated  by  1.6  ms  in 
time,  qualitatively  correspond  to  the  photographs  of  the  steady- 
state,  free-jet  taken  for  different  exit  pressure  ratios  shown  in 
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Fig.  8t  Schlisrsn  photographs  of  muzzlt  flow  from  the  7.62  mm 
rifle  at  relatively  ’ato  times 

Figure  1.  Still  evident  in  the  photos  of  Figure  8  in  the  great 
lateral  extent  of  the  constrained  turbulent  propellant  gas  flow. 
The  entire  turbulent  gas  ball  moves  only  slowly  in  the  axial  direc 
tion  due  to  the  original  confinement  by  the  blast  wave  and  the  sub 
sequent  high  degree  of  turbulence.  We  also  note  the  obvious  asym¬ 
metry  of  the  turbulent  gas  ball  which  is  evident  in  the  picture  at 
t  “  4.585  ms  after  shot  ejection  in  Figure  8.  Apparently,  flow 
conditions  that  approach  quasi-steady  flows  are  obtained  in  gun 
muzzle  flows  only  at  very  late  times  in  the  flow  expansion  process 


2.3  Flow  and  Flash  Development 

The  unsteady,  reacting  gun  muzzle  exhaust  flow  involves  many 

complex  processes.  They  include  C 1—5] x 

-  precursor/propellant  flow  interactions 

-  the- formation  of  an  outer  strong  blast  wave  that  encapsulates 
the  subsequent  gas  plume 

-  the  formation  of  a  highly  underexpanded  supersonic  jet  flow  at 
the  muzzle  exit  that  is  bounded  by  time-varying  inner  shock 
fronts 
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-  the  interaction  between  the  restraining  outer  blast  wave  and 
the  pushing  gases  released  at  the  muzzle.  This  restraint  results 
in  the  formation  of  unique  flow  features  with  time-varying 
inner  shook  contours  and  turbulent  flow  structures  that  prevail 
in  the  eontrained  flow  region,  i.e.,  between  the  outer  blast 
wave  and  the  shock-bounded  highly  underexpanded  supersonic  jet 
flow  region 

-  the  entrainment  of  air  across  the  turbulent  gas  plume  boundary 
or  gas/air  interface.  The  entrained  air  provides  the  oxygen  re¬ 
quired  for  combustion  reactions  to  take  place 

-  gas/particle  interactions, since  the  muzzle  effluents  contain 
high  particla  concentrations  [6, 12, 43], as  well  as  possible 
condensation/nucleation  reactions  during  the  flow  expansion 

-  possible  vaporization  and  subsequent  combustion  of  flow-borne 
particles 

-  the  occurrence  of  muzzle  flash 

-  the  generation  of  overpressures  by  the  secondary  flash 

-  flash  Inhibition  reactions  caused  by  chemical  additives  which 
are  routinely  added  to  conventional  gun  propellants 

The  assessment  of  the  main  propellant  flow  development  has  led  to 
the  definition  of  three  important  flow  phases  [1,15,43].  These 
three  flow  developmental  phases  are  the 

(1)  initial  phase 

(2)  interim  phase 

(3)  unrestrained  phase 

The  initial  phase  of  the  flow  evolution  is  determined  by  the 
expansion  of  the  exiting  propellant  gas/particle  flow  into  the 
rarefied  atmosphere  of  the  precursor's  underexpanded  jet  flow 
region.  The  subsequent  interim  phase  is  governed  by  the  restraint 
caused  by  the  presence  of  both  the  outer  blast  wave  and  the  depart- 


ing  projectile.  This  forces  the  flow  to  coalesce  successively  into 
lateral  inner  shocks  and  into  a  shock  that  forms  upstream  at  the 
base  of  the  projectile.  As  the  blast  wave  decouples  from  the  pro¬ 
pellant  gas  plume,  the  unrestrained  phase  of  the  flow  development 
Starts.  In  addition,  the  gas  plume  radiates  at  distinct  locations 
in  the  propellant  gas  plume  forming  the  phenomenon  of  gun  muzzle 
flash  143,44).  Figure  9  displays  the  consecutive  development  of 
the  radiating  7.62  mm  gun  muzzle  blast  field. 

SCHEMATIC  Of  BLAST  ElELD 
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Fig.  9:  Consecutive  development  of  the  radiating  7.62  mm  gun 
muzzle  blast  field 

In  addition  to  the  three  main  sequential  radiating  flow  areas, 
usually  referred  to  as 

(a)  primary  flash 

(b)  intermediate  flash 

(c)  secondary  flash 

there  exists  radiation  during  the  initial  flow  evolution  and  around 
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the  base  of  the  departing  projectile,  due  to  the  rapid  deceleration 
of  the  gas/particle  flow  [43] . 

The  primary  flash,  located  at  the  muzzle,  is  of  small  spatial 
extent  and  low  intensity.  Zt  is  due  to  the  thermal  excitation  of 
the  gas/particle  in-bore  flow  exiting  at  the  muzzle.  This  region 
is  separated  from  the  underexpanded  supersonic  flow  portion  by  an 
expansion  fan  [5,43]. 

The  intermediate  flash  is  a  more  extensive  region  of  greater 
radiation  intensity  commencing  farther  from  the  muzzle  downstream 
behind  the  inner  shock  disk  after  this  shock  front  has  fully 
developed  [3,5,43].  The  radiation  in  this  flow  region  is  initially 
excited  by  the  conversion  of  convection  energy  into  internal 
energy  of  the  flow  as  the  gas/particle  flow  passes  the  inner  shock 
disk.  Then  the  presumed  exothermic  chemical  reactions  are  thought 
to  be  subsequently  induced  and  disturb  the  flow  expansion  in  this 
radiating  flow  area.  The  flow  disturbance  is  associated  with  the 
reversal  of  pressure  and  velocity  gradients.  During  0.5  to  1  ms  the 
gas/particle  flow  in  this  flash  region  is  decelerated  to  flow  velo¬ 
cities  of  u  <  100  m/s  or  even  reversed  in  its  direction  [4,15,43]. 
The  long  residence  time  enhances  the  probability  of  Chemical  inter¬ 
actions  to  take  place. 

The  secondary  flash  is  known  to  commence  further  downstream 
from  the  normal  inner  shock  disk  and  develops  upstream  and  down¬ 
stream  covering  the  turbulent  gas  ball  if  no  chemical  flash  suppres¬ 
sant  is  used  in  the  propellant  [3,17,43].  It  is  much  more  extensive 
and  of  much  higher  intensity  than  the  intermediate  flash.  It  has 
been  confirmed  that  the  secondary  flash  is  caused  by  the  reignition 
c.rid  combustion  of  fuel-rich  gases  after  they  have  mixed  with  the 
oxygen  from  the  entrained  air.  Since  common  gun  propellants  are 
stoichiometrically  unbalanced,  the  muzzle  effluents  provide  a  mix¬ 
ture  ot  fuel-rich  gases  and  particles.  The  specific  muzzle  flow 
conditions  enable  the  entrainment  of  air  across  the  turbulent 


boundaries  of  the  propellant  gas  plume.  After  air  is  turbulently 
entrained  into  the  fuel-rich  muzzle  effluent,  the  local  concen¬ 
trations  may  exceed  a  level  at  which  the  mixture  is  suitable  for 
ignition.  Among  the  sources  of  ignition  are  shock  heating  as,  for 
example,  at  the  radial  expansion  holes  of  mechanical  muzzle  de¬ 
vices,  the  processes  that  occur  in  the  intermediate  flash  yielding 
temperatures  above  1400  K,  or  even  early  bright  burning  of  tracers 
mounted  in  the  base  of  the  projectile.  As  the  local  temperature 
exceeds  the  ignition  temperature  fast  self-sustaining  combustion 
reactions  in  the  fuel/air  mixture  can  proceed.  These  combustion 
reactions  consume  fuel-rich  gases  as  well  as  the  flow-borne 
particles  and  have  the  tendency  to  turn  over  to  a  regime  that 
exists  between  deflagration  and  detonation  so  that  steep  pressure 
gradients  are  generated.  The  magnitude  of  these  overpressures  may 
exceed  that  of  the  preceding  gasdynamically  generated  blast  wave. 

Although  a  significant  amount  of  research  has  been  conducted 
on  muzzle  blast  and  muzzle  flash  as  well  as  on  its  suppression  by 
mechanical  or  chemical  means,  a  detailed  understanding  is  still 
lacking.  In  particular,  the  chemistry  of  the  reacting  flow  is  not 
yet  understood  in  detail. 


2.4  Hypothesis 

As  mentioned  above  the  experimental  evidence  has  led  us  to  the 
following  hypothesis  concerning  flash  generation  and  its  suppression 
by  alkali  salt  additives  [44], 

1.  The  blast  wave  produces  a  restrained  propel lant/gas  flow  which 
promotes  turbulence  throughout  the  gas  plume  volume. 

2.  The  turbulence  is  such  that  slip  line  formation  is  hindered  or 
that  the  slip  lines  are  destroyed. 

3.  In  the  absence  of  slip  lines,  oxygen  can  be  turbulently  trans¬ 
ported  toward  the  core  of  the  intermediate  flash  region. 


4.  The  transport  of  oxyaen  then  permits  combustion  processes  to 

already  take  place  in  the  intermediate  flash  region. 

5.  The  heat  released  by  the  combustion  adds  to  the  shock  heating 
to  raise  the  temperature  in  the  intermediate  flash  region  so  that 
the  ignition  temperature  for  secondary  flash  is  attained. 

Jf  this  hypothesis  be  true , then  it  is  easier  to  understand 
how  such  small  amounts  of  alkali  salts  (less  than  2  wt%)  can  sup¬ 
press  the  secondary  flash;  namely,  the  addition  of  alkali  salts 
influences  the  combustion  process  in  such  a  way  that  the  temper¬ 
ature  in  the  intermediate  flash  region  is  lower  than  that  necessary 
to  ignite  the  secondary  flash. 

Crucial  to  this  hypothesis  is  the  entrainment  of  oxygen  from 
the  trapped  air  region  (Fig.  5)  toward  the  center  of  the  flow  where 
the  intermediate  flash  occurs.  This  requires  the  absence  of  slip 
lines.  The  following  sections  present  the  experimental  data  con¬ 
cerning  muzzle  effluent  flow  and  the  detection  of  slip  lines. 
However,  we  have  also  to  examine  whether  sufficient  air  is  trans¬ 
ported  to  the  intermediate  flash  region  so  that  the  temperature  is 
sensibly  changed  by  combustion  reactions.  Therefore,  at  present  we 
measure  the  temperature  in  the  intermediate  flash  region  for  the 
following  three  cases; 

(a)  with  ambient  air 

(b)  with  ambient  nitrogen 

(c)  with  ambient  oxygen 

If  combustion  reactions  significantly  contribute  to  the  temperature 
in  the  intermediate  flash  region,  then  we  anticipate  that  the  ob¬ 
served  temperatures  will  be  ranked  in  the  following  order: 

Temperaturenitrogen  <  Temperature^^  <  TemperatureoXygen 

Specially  designed  intrusive  temperature  gauges  are  employed  to 
carry  out  these  measurements.  Since  these  investigations  are  still 


under  way,  no  results  can  be  presented  here.  '.These  data  will  be 
reported  later  on. 


3.  FLOW  VELOCITY  MEASUREMENTS 

Figure  10  presents  a  schematic  of  the  Diehl  laser  Doppler 
velocimeter, designed  by  Smeets  (XSL)  [6,43]. 

LASER  DOPPLER  VELQCIME TER 


FLOW 


Fig.  10 1  Schematic  of  Diehl  laser  Doppler  velocimeter 

Scattered  and  Doppler-shifted  monochromatic  radiation  from  the  flow 
1b  delivered  by  fiber  optic  cable  to  a  linear  polarizer.  This  polar¬ 
ized  beam  then  traverses  the  Pockels  cell  and  1b  split  by  the  beam¬ 
splitter  into  two  linearly  polarized  beams  of  equal  intensity. 

These  two  beams  pass  through  the  two  legs  of  the  Michelson  inter¬ 
ferometer,  are  recombined  and  pass  through  a  second  beam-splitter 
that  is  oriented  45*  with  respect  to  the  first  one.  Thus,  the  two 
beams  that  arrive  at  the  photomultipliers  have  complementary  inter¬ 
ferences.  (The  glass  block  in  the  longer  leg  improves  the  light 
gathering  power  of  the  instrument.)  The  difference  of  the  two  photo- 


multiplier  cxirrents  is  formed  and  transmitted  to  a  capacitor.  The 
voltage  across  this  capacitor  is  amplified  and  fed  to  the  Pockels 
cell.  The  feedback  to  the  Pockels  cell  nearly  instantaneously  cor¬ 
rects  for  the  wavelength  shift.  Then  the  resulting  voltage  is  pro¬ 
portional  to  the  velocity  which ,  after  calibration,  can  be  read 
directly. 

Figure  11  shows  the  first  results  of  the  laser  velocimetry 
measurements  taken  with  a  15  mW  HeNe  laser  in  the  first  precursor 
of  the  7.62  mm  rifle. 
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Fig.  lit  Lateral  velocity  profiles  in  the  first  precursor  flow  of 
the  7.62  mm  rifle  at  selected  distances  from  the  inner 
shock  disk  [20] 

The  distances  from  the  inner  shock  disk  (Mach  disk)  were  determined 
by  differencing  the  distance  of  the  laser  focus  volume  measured 
from  the  muzzle  of  the  rifle,  and  the  inner  shock  disk  location, 


obtained  from  shadowgraphs.  The  distances  of  the  laser  focus  volume 
are:  20  mm,  24  mm,  and  26  mm  corresponding  to  3  mm  upstream,  1  mm 
and  3  mm  downstream  from  the  inner  shock  disk,  respectively.  All 
velocity  measurements  shown  in  Figure  11  were  taken  at  a  time 
200  us  before  shot  ejection.  Reference  to  Figure  4  shows  that  these 
combinations  of  time  and  Bpace  place  the  velocity  measurements 
within  the  first  precursor  flow.  The  lateral  distance  is  measured 
from  the  gun  axis.  The  average  of  at  least  three  measurements  are 
shown.  The  "error"  bars  portray  the  maximum  and  minimum  velocity 
values  observed,  i.e.,  they  are  not  true  error  bars  but  rather  are 
a  measure  of  the  reproducibility  of  the  data  obtained  from  several 
firings.  The  dashed  lines  connecting  the  average  velocity  values 
are  to  aid  the  eye  in  seeing  the  trends  of  the  data. 

The  data  taken  3  mm  upstream  from  the  inner  shock  disk  provide 
a  check  on  the  overall  procedure.  We  see  that  the  velocities 
measured  are  supersonic  and  gradually  fall-off  with  distance  from 
the  axis.  Qualitatively,  this  is  just  the  type  of  velocity  profile 
one  would  expect  upstream  of  the  inner  shock  disk  and  within  the 
highly  underexpanded  flow  terminated  by  the  barrel  shock  and  the 
inner  shock  disk  (Figure  2) . 

The  most  important  feature  in  the  velocity  profile  1  mm  down¬ 
stream  from  the  inner  shock  disk  is  the  steep  gradient  observed 
between  y  *  4  mm  and  y  -  5  mm  lateral  distance.  This  behavior  is 
qualitatively  similar  to  the  steep  velocity  gradient  observed  in 
steady-state  measurements  when  a  slip  line  is  encountered  (see 
Figure  3).  Thus,  we  interpret  this  velocity  profile  (in  Fig.  11) 
as  locating  the  slip  line  in  the  first  precursor  flow  of  the  7.62  mu 
rifle. 

The  velocity  profile  3  mm  downstream  from  the  inner  shock  disk 
is  to  be  contrasted  with  the  profile  1  mm  downstream.  Specifically, 
no  steep  gradient  is  observed  throughout  the  region  defined  by  the 
gun  axis  and  8  mm  perpendicular  to  this  axis.  Instead  we  observe  a 


rather  smooth  transition  in  velocity  from  the  center  line  outward. 
He  conclude  that  3  mm  downstream  from  the  inner  shock  disk  slip 
lines  are  no  longer  present. 

Though  the  first  precursor  and  the  main  propellant  gas  flow 
are  qualitatively  similar  in  their  respective  development,  there 
are  some  important  differences.  They  ares 

1 .  the  exit  pressure  ratio  associated  with  the  main  flow  is  about 
100  times  that  associated  with  the  first  precursor  flow; 

2.  the  projectile  is  present  during  the  main  flow  development; 
and, 

3.  chemistry  is  taking  place  while  the  main  flow  develops. 

The  greater  exit  pressure  ratio  of  the  main  flow  would  tend  to 
increase  the  shock  strengths  and  therefore  the  coupling  between 
the  blast  wave  and  the  main  flow;  and,  lead  to  an  increase  in  the 
main  flow  turbulence.  The  projectile,  in  its  passage  through  the 
main  flow,  would  also  tend  to  increase  the  turbulence.  Finally, 
although  we  have  assumed  that  chemistry  ia  involved  in  the  velo¬ 
city  "breakdown"  seen  in  Figure  7,  it  is  not  known  what  the  speci¬ 
fic  effects  of  the  chemistry  are  upon  the  development  of  the  main 
flow.  Nevertheless,  the  effects  of  chemistry  are  not  likely  to 
lessen  the  degree  of  turbulence  in  the  main  flow. 

We  infer  then  that  the  neglect  o£  the  three  properties  that 
distinguish  the  first  precursor  flow  development  frdm  the  main  flow 
development  would  not  affect  the  conclusion  that  at  some  small 
distance  downstream  from  the  inner  shock  disk  in  the  main  flow, 
slip  lines  are  absent. 

The  statement,  inferred  above,  is  proved  by  the  following 
results  of  the  laser  Doppler  velocimetry  data  taken  with  a  powerful 
Argon  laser  in  the  main  propellant  gas  flow  of  the  7.62  mm  rifle. 
Figure  12  shows  the  data  taken  upstream  in  the  highly  underexpanded 
jet  flow  region  versus  the  lateral  distance  from  the  flow  axis,  y. 
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Fig.  12s  Lateral  velocity  profiles  in  the  main  propellant  gas  flow 
of  the  7.62  mm  rifle  at  x  *  100  mm  from  the  muzzle  and 
t  »  0.5  ms  and  t  ■  0.55  ms,  respectively 


The  above  velocity  profiles  again  provide  a  check  on  the  overall 
procedure.  The  velocities  in  the  highly  underexpanded  jet  flow 
region  are  supersonic  and  gradually  decrease  with  the  lateral  dis¬ 
tance,  y,  from  the  main  flow  axis.  These  supersonic  data  show  good 
agreement  when  compared  to  the  data  taken  with  the  laser  tracer 
method  [4] ,  see  Figure  7.  There  is  a  decrease  in  velocity  (in 
Figure  12)  as  both  the  jet  boundary  and  the  reflected  shock  pass 
the  measurement  point. 
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Figure  13  shows  the  lateral  velocity  profiles  obtained  down¬ 
stream  from  the  inner  shock  disk  in  the  main  propellant  gas  flow 
of  the  7.62  mm  rifle,  i.e.,  at  an  axial  distance  from  the  muzzle 


of  x  ■  110  mm. 
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Lateral  velocity  profiles  in  the  main  propellant  gas  flow 
of  the  7.62  mm  rifle  at  selected  distances  x*  downstream 
from  the  inner  shock  disk  (Mach  disk),  i.e.,  at  x*  •  14  mm, 
8  mm,  6  mm,  7.6  mm,  13  mm,  and  16  mm,  respectively 


For  distances  downstream  from  the  inner  shock  di.sk  (Mach  disk)  of 


the  main  propellant  gas  flow,  i.e.,  for  x*  £  8  mm  we  observe  a  steep 
gradient  between  lateral  distances  of  30  mm  £  y  <  40  mm.  This 
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behavior  is  similar  to  the  velocity  gradient  observed  in  Figure  11, 
(.  >  i.e.,  in  the  precursor  flow.  It  therefore  is  attributed  to  the 

formation  of  slip  lines.  However,  for  x* >  8  mm,  no  steep  gradient 
is  observed.  Instead  we  find  a  rather  smooth  transition  in  velocity 
from  the  centerline  outward.  We  conclude  that  for  x* >  8  mm  slip 
lines  are  no  longer  present. 

This  is  confirmed  in  Figure  14  which  shows  the  data  taken  in 
the  main  propellant  gas  flow  at  an  axial  distance  from  the  muzzle 
of  the  7.62  mm  rifle  at  x  ■  120  mm. 

7.62  mm  RIFLE 
(PROPELLANT  GAS  FLOW) 

■■•120mm  (AXIAL  DISTANCE  OF  MEASURED  VOLUME  FROM  MUZZLE  EXIT) 
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LATERAL  DISTANCE  FROM  FLOW  AXIS  — —  y/mm 

Fig.  14:  Lateral  velocity  profiles  in  the  main  propellant  gas  flow 
of  the  7.62  mm  rifle  at  selected  distances  x*  downstream 
from  the  inner  shock  disk  (Mach  disk),  i.e.,  at  x*  -  18  mm, 
16  mm,  15.5  mm,  17.6  mm,  20  mm,  and  23  mm,  respectively 


Qualitatively,  we  find  the  same  behavior  as  in  the  first  pre¬ 
cursor  flow  of  the  7.62  mm  rifle.  Therefore,  we  conclude  that  the 
formation  of  slip  lines  in  the  reacting  main  propellant  gas  flow  is 
indeed  hindered  by,  or  rapidly  destroyed  by  the  turbulent  flow  so 
that  they  are  absent  at  some  distance  downstream  from  the  inner 
shock  disk.  This  conclusion  is  based  on  the  above  velocity  pro¬ 
files,  since  discontinuous  lateral  velocity  profiles  indicate  the 
presence  of'  slip  lines  (see  Fig.  3)  while  continuous  ones  show  the 
absence  of  slip  lines  [20] . 

Section  3  described  the  search  for  slip  lines  formed  down¬ 
stream  from  the  inner  shock  disk  of  the  first  precursor  and  the 
main  propellant  gas  flow  of  a  7.62  mra  rifle.  (The  normal  DM  41 
ammunition  is  used:  9.45  g  projectile  and  2.95  g  K  503  propellant 
with  O.B  %  KNO^  and  0.2  %  Fa^SO^  as  chemical  flash  suppressants . ) 
Since  there  are  sufficient  similarities  in  the  gasdynamics  between 
the  7.62  mm  gun  and  large  caliber  weapon  firings,  it  is  expected 
that  the  above  findings  can  be  scaled  up  to  larger  calibers.  Thus, 
the  proposed  influx  of  oxygen  into  the  core  region  of  the  inter¬ 
mediate  flash  as  wall  as  the  proposed  combustion  reaction  most 
likely  occur  in  all  conventional  weapons. 

As  mentioned  previously,  the  next  step  in  the  experimental  pro¬ 
gram  is  to  measure  temperature  differences  in  the  intermediate 
flash  region  of  the  7.62  mm  rifle  for  firings  into  ambient  air, 
nitrogen,  and  oxygen.  If  temperature  differences  are  measured  as 
expected,  then  the  above  hypothesis  is  fully  confirmed.  In  refer¬ 
ence  17,  it  has  already  been  shown  that  the  addition  of  alkali  salts 
to  the  propellant  charge  results  in  a  decrease  of  temperature  in 
the  intermediate  flash  region.  This  has  already  led  to  the  conclu¬ 
sion  that  the  alkali  salts  affect  significantly  chemical  reactions 
taking  place  in  the  intermediate  flash  region  and  so  prevent  the 
ignition  of  the  secondary  flash.  Therefore,  the  above  experiment  is 
to  obtain  the  final  approval  of  the  hypothesis. 


4.  GAS  GUN  SIMULATION  EXPERIMENTS 
4 . 1  Introductory  Remarks 

In  preceding  papers  [8,19],  the  importance  of  adequate  simu¬ 
lation  experiments  has  been  pointed  out  in  detail.  The  need  to 
solve  problems  such  as  gun  tube  wear  or  muzzle  flash  and  blast 
requires  a  detailed  understanding  of  the  physical  and  chemical 
processes  that  occur  during  the  ballistic  cycle  of  a  gun.  Such  an 
understanding  is  often  limited  by  the  harsh  environments  encount¬ 
ered  in  actual  gun  firings.  On  the  other  hand,  these  are  the  very 
same  experimental  data  that  are  required  to  elucidate  the  basic 
physical  and  chemical  processes  needed  in  the  development  of  pre¬ 
dictive  models.  The  result  is  that  existing  present-day  models  of 
both  the  interior  and  transitional  ballistic  rely  on  idealizations 
of  the  flow.  The  solutions  obtained  from  these  models  and  hence 
their  underlying  assumptions  are  often  inadequately  verified  by 
experimentation,  if  at  all.  To  overcome  these  difficulties  vali¬ 
dation  experiments  using  simulators  have  been  recommended  by 
Klingenberg  and  Banks  [13]  .  The  simulators  permit  the  generation 
of  well-defined,  well-controlled,  simplified  flows  beginning  with 
single  phase,  inert  flows  and  progressing  in  a  step-wise  fashion 
to  more  complex  two-phase,  reacting  flows.  The  aim  of  these  efforts 
is  to  isolate,  identify  and  understand  the  important  flow  phenomena 
and  thereby  enhance  the  chances  of  successfully  modelling  the  phy¬ 
sical  and  chemical  events  that  occur  in  actual  ballistic  flows. 

Such  simulation  experiments  are  currently  under  way  within  the 
European  Community  [8] .  Table  1  shows  a  list  of  such  simulation 
experiments . 

These  simulators  address  flow  problems  with  increasing  com¬ 
plexity.  The  compression  chamber  at  Imperial  College  can  consider 
two-phase  flows  but  is  limited  to  inert  gases  or  particles,  and  to 
low  pressures  and  low  temperatures.  The  shock  tube  facility  at  the 
German-Fj  ench  Research  Institute  (ISL)  is  used  to  simulate  single 
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SIMULATION  EXPERIMENTS 


Institute 

Country 

Facility 

Maximum 

Pressure 

(MPa) 

Maximum 

Temp. 

(K) 

F  1 

status 

o  w 

Goal 

Imperial* 

College 

(UK) 

Compression 

Chamber 

1  -  10 

— 

Tne 

Two  P 

rt 

base 

ISL 

(fr/gr) 

Shock 

Tube 

15  -  SO 

3000 

Inert 

One  Phase 

Reacting 

Two  Phase 

ISL 

(FR/GR) 

Light 

Gas  Gun 

350  -  400 

3000 

Inert 

One  Phase  j  Two  Phase 

EMI-AFB* 

<GR) 

Gas  Gun 

350  -  450 

3000 

Reacting 

One  Phase  |  Two  Phase 

♦Supported  by  the  U.S.  Army  through  its  European  Research  Office 
Table  1 :  European  simulation  experiments 


phase,  inert  flows  at  temperatures  characteristic  of  ballistic 
environments,  but  at  pressures  that  are  a  factor  of  six  or  more 
lower  that  those  encountered  in  ballistic  flows.  The  goal  is  to 
study  two-phase  (gas/solid)  reacting  flows.  The  light  gas  gun 
facility,  also  at  ISL,  is  being  used  to  simulate  single  phase, 
inert  flows  at  pressures  and  at  temperatures  that  are  characteris¬ 
tic  of  ballistic  flows.  The  goal  here  is  to  investigate  particle¬ 
laden  flows.  The  limitation  is  that  only  inert  gases  and  particles 
can  be  used.  A  gas  gun  facility  is  used  at  EMI-AFB  to  simulate 
single  phase,  reacting  flows  at  temperatures  and  pressures  typical 
of  an  actual  gun.  The  goal  is  to  address  both  the  interior  ballis¬ 
tic  and  the  muzzle  flow  phenomena  for  two-phase  as  well  as  single 
phase  flow  conditions. 

While  each  of  these  simulators  provide  the  stepwise  increase 
in  complexity  required  for  the  complete  understanding  of  multi¬ 
phase,  high  temperature,  high  pressure,  reacting  flows,  only  the 
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gas  gun  simulator  at  EMI-AFB  permits  the  simulation  of  controllable 
reactive  flows  with  characteristics  similar  to  those  of  medium 
caliber  gun  systems. 


4.2  The  Gas  Gun  Simulator  in  Closed  Bomb  Mode 

The  EMI-AFB  gas  gun  simulator  has  been  constructed  in  two 
stages.  The  first  stage  of  construction  is  the  combustion  chamber, 
shown  in  Figure  15. 

Adoption  tar  JO-  mm  PrtMurt  Port*  Brtach  Nut 

and  fcO-mm  Gun  Tubas 


Brtach  Nut 


V>\  s'- 


Eltctrlcal  HV 
''Ignition  Supply 


. . 


Solid  'Rtlamtr 


Optical  Window* 


i—  -  ' . 1 

•L  •  •  .■  'S/s  s'/. 


Qai  Gun  Chambtr  with  Solid  Ratalnor  for  Cloitd  Chambor  Combustion  Studios 

Fig.  15:  Stage  1:  Gas  gun  chamber  in  closed  bomb  mode 


The  gun  chamber  has  a  length  of  550  mm  and  a  diameter  of  70  mm, 
resulting  in  a  volume  of  approximately  two  liters.  The  inner  cham¬ 
ber  wall  is  protected  from  high  pressure  hydrogenation  by  a  steel 
sleeve.  The  chamber  is  fitted  with  pressure  ports  and  optical 
windows  and  is  pre-pressurized  by  adding  to  the  chamber  first 
oxygen,  then  helium,  and  finally  hydrogen  in  1  s  8  :  3  mole  propor¬ 
tions,  respectively.  The  ignition  source  consists  of  releasing 
110  J  of  energy  from  a  3  kV  capacitor  bank  into  four  equally 
spaced  exploding  wires  placed  axially  in  the  chamber.  The  solid 
retainer  allows  the  chamber  to  be  used  in  a  closed  bomb  mode. 


Typical  data  obtained  in  the  closed  bomb  mode  are  shown  in 
Figure  16.  These  data  are  compared  to  theoretical  values,  calcu¬ 
lated  by  J.M.  Heimerl  of  the  BRL  with  the  BLAKE  code  using  the 


virial  equation  of  state  for  the  case  of  (a)  helium,  (b)  Argon, 
and  (c)  nitrogen  as  a  diluent  [19]. 


•  Fig.  16:  Final  chamber  pressure  versus  initial  chamber 
pressure  [19] 

The  experimental  results  for  the  closed  bomb  mode  show  that  realis¬ 
tic  gas  pressures  of  p  ■  400  MPa  can  be  obtained  in  the  gas  gun 

max 

chamber,  if  the  gas  mixture  of  3H^ + + 8He  is  pre-pressuriaed  to 
about  50  MPa.  One  sees  that  at  the  higher  pre-pressures  there  is  a 
noticeable  difference  in  the  predicted  and  measured  final  chamber 
pressure  data.  This  difference  is  attributed  to  heat  transfer  to 
the  walls  [19] . 

4.3  Second  Stage  of  Gas  Gun 

The  second  stage  in  the  construction  of  this  simulator  in¬ 
cluded  a  gun  tube  and  a  projectile,  as  shown  in  Figure  17.  The 
oolid  retainer  of  the  first  stage  (see  Fig.  6)  is  replaced  by  a 
blow-out  disk  which  can  be  scored  to  rupture  at  a  pre-determined 
pressure.  An  adaptor  permits  the  mounting  of  either  20-mm  or  40-mm 


.) 
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gun  tubes.  For  the  studies  reported  here  we  used  a  1.8  m  long, 
20-mm,  smooth-bore  gun  tube  fitted  with  appropriate  pressure  ports 
and  optical  windows. 


Fig.  17:  Stage  2  of  gas  gun  simulator 


This  configuration  permits  the  study  of  both  interior  and 
transitional  ballistics.  Since  we  are  dealing  with  particularly 
simple  chemistry,  i.e.,  suitably  diluted  hydrogen  and  oxygen,  the 
gun  simulator  is  expected  to  be  a  tool  for  the  reproducible  gener¬ 
ation  of  muzzle  flash  and  its  suppression  by  alkali  salt  additives. 
We  report  here  the  first  results  of  this  gun  simulator  used  in  the 
study  of  muzzle  flash. 


The  test  setup  used  is  shown  in  Figure  18.  Pressure  ports 
along  the  gas  gun  (M  1  to  M  6  ) ,  visible  and  infrared  detectors  and 
a  drum  camera  for  high-speed  photography  were  the  diagnostic  tools 
used  in  these  first  experiments. 


For  the  first  tests,  the  exploding  wires  mentioned  above 
ignited  the  gas  mixture.  Later,  "soft"  ignition  by  means  of  a 
single  tungsten  wire,  placed  axially  in  the  chamber,  was  also 
tested.  The  voltage  pulse  applied  across  this  hot  wire  is  shown 
in  Figure  19.  This  "soft"  ignition  yielded  the  same  ballistic  per¬ 
formance  as  the  ignition  with  the  exploding  wires.  The  advantage  is 
that  the  "soft"  ignition  does  not  introduce  additional  particles 
into  the  gas  gun  flow. 
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Fig.  18:  Test  setup  for  muzzle  flash  studies  with  the  gas  gun 
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Fig.  19:  Hot  wire  voltage  versus  time 


The  filling  procedure  also  is  very  important.  First,  the  gases 
were  filled  into  the  chamber  following  the  procedure  used  for  the 
closed  bomb  mode,  i.e.,  we  filled  the  chamber  with  oxygen,  followed 
by  helium  and  hydrogen.  However,  severe  pressure  oscillations  were 
encountered  and  in  two  cases  we  experienced  detonation  in  the  gas 


gun  chamber  [19].  Thereforei  in  the  following  experiments,  we  added 
a  hydrogen/helium  premixture  to  the  oxygen.  Then  no  pressure  oscil¬ 
lations  were  found  anymore  in  the  pressure  versus  time  recordings. 

4.4  Results 

Typical  pressure  histories,  recorded  at  the  pressure  ports 
Ml,  M3,  M5,  and  M6,  respectively,  are  shown  in  Figure  20.  Here, 
exploding  wires  and  a  pre-pressure  of  24  MPa  was  used  as  well  as  a 
premixed  He/Hj  gas  mixture.  Obviously,  in  these  light  gas  mixtures, 


TIME  —  t/ms 


Fig.  20:  Typical  pressure  histories  at  M  1  to  M 6 


a  rather  steep  pressure  spike  is  obtained  at  M6,  i.e.,  at  the 
muzzle  exit  of  the  gas  gun. 

) 

The  pressure  histories  are  changed  when  we  add  alkali  salts 
(2  wt%  K2C03*  to  t*'e  gas  mixture  *-n  the  S'10  chamber,  Figure  21. 


KOIN 


Fig.  21 :  Pressure  histories  at  12  MPa  pre-pressure  and  with 
2  wt%  K2C03  (Prem*’xec*  He/Hj  gases) 

With  K^CO^j  wa  obtain  an  earlier  and  slightly  steeper  pressure  rise 
in  the  chamber  pressure.  The  comparison  shown  in  Figure  22  empha¬ 
sizes  that  gas  mixtures  with  and  without  alkali  salts  have  differ¬ 
ent  pressure  histories,  obviously,  as  in  conventional  solid  gun 
propellants,  the  "vivacity"  of  the  gaseous  propellant  increases 
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GAS  GUN  (3H,*0j*«He) 
CHAMBER  PRESSURE  AT  MI 


TIME  — -  t/ms 

Fig.  22s  Comparison  of  chamber  pressure  histories 
(Pre-pressure  24  MPa) 

with  the  addition  of  alkali  salts. 

On  the  other  hand,  these  alkali  salts  inhibit  or  suppress 
completely  the  secondary  flash  of  the  gas  gun.  For  example, 

Figure  23  shows  the  time  integrated  photographs  of  the  muzzle 
flash  from  the  20-mm  gas  cannon  precharged  with  24  MPa  total  pres¬ 
sure.  The  measured  muzzle  pressure!  is  approximately  100  MPa  (see 
Fig.  20) .  This  is  about  twice  the  muzzle  pressure  of  conventional 
20-mm  guns.  An  approximate  scale  is  shown  at  the  bottom  of  the 
photos  in  Figure  22.  A  comparison  of  the  photo  taken  with  no  sup¬ 
pressant  and  that  with  1  wt%  K2C03  s^oW9  fchat  the  secondary  flash 
(Fig.  23b,  Test  No.  3,  in  the  middle  photo)  is  suppressed.  The  photo 
with  2  wt%  K^CO^  also  shows  suppression.  The  line  of  light  observed 
on  axis  at  distances  beyond  0.8  m  is  due  to  particles,  most  likely 
particles  of  unreacted  K^COy  (The  suppressant  powder  was  simply 
placed  in  the  bottom  of  the  chamber  before  pre-pressurization  with 
the  gases . ) 

A  time-resolved,  drum  camera  recording  of  the  unsuppressed 
case  is  shown  in  Figure  24.  Qualitatively,  this  is  the  typical 
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Tim^  integrated  photographs  of 
the  muzzle  flash  from  20-mm  gas  gun 
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Drum  camera  record  of  un¬ 
suppressed  muzzle  flash 
from  20-mm  gas  gun 


picture  obtained  in  gun  firings  [3,43].  Though  it  is  difficult  to 
tell  in  the  positive,  the  negative  clearly  shows  that  the  secondary 
flash  commences  about  1.7  ms  at  a  distance  of  about  0.7  m  from  the 
muzzle  exit.  Unfortunately,  the  camera  angle  did  not  permit  the 
photographing  of  the  entire  1.5  ra  distance  between  the  muzzle  and 
the  projectile  "catcher-box" j  and  so  in  the  time-resolved  photo  of 
Figure  24  the  region  of  the  secondary  flash  (from  about  0.7  m  to 
1.5m)  was  truncated  at  1.0  m.  In  the  time  integrated  photo  of 
Figure  23,  the  initiation  of  the  secondary  flash  has  been  masked  by 
the  intensity  of  the  intermediate  flash.  However,  the  detector 


recordings,  which  are  not  presented  here,  have  confirmed  the  find¬ 
ings  indicated  on  the  photographs.  The  reason  that  the  intermediate 
flash  is  relatively  so  intense  lies  in  the  fact  that,  for  the  gas 
mixture  used  in  the  simulator,  only  about  9  %  combustibles  remain 
after  combustion  in  the  chamber.  In  actual  gun  firings  it  is  known 
that  the  amount  of  combustibles  is  of  the  order  of  50  %  [44] . 

Thus,  we  have  experimentally  determined  that  mixtures  of 
hydrogen  and  oxygen  (suitably  diluted)  are  sufficient  to  cause 
secondary  flash.  Further  it  has  been  demonstrated  that  amounts  of 
alkali  salts  similar  to  those  used  in  actual  guns  systems  are  suf¬ 
ficient  to  suppress  the  secondary  flash.  These  exper iiuental  results 
support  the  supposition  used  by  modellers  [44]  that  only  the 
hydrogen  (and  possibly  the  CO)  chemistry  are  needed  to  describe  the 
kinetics  pertinent  to  muzzle  flash. 

5.  SUMMARY  AND  CONCLUSIONS 

The  main  findings  of  this  investigation  can  be  summarized  as 
follows: 

-  Quasi-steady  state  conditions  in  gun  muzzle  flows  are  approached 
only  at  very  late  times  in  the  flow  development. 

-  The  formation  of  the  slip  line  has  been  shown  to  be  absent  in 
the  reacting  gun  muzzle  flow  field  at  some  distance  from  the 
inner  shock  disk. 

-  The  proposed  influx  of  oxygen  in  the  intermediate  flash  region 
appears  to  be  plausible. 

Specifically,  the  turbulence  may  permit  oxygen  to  be  entrained 
and  transported  even  to  the  axis  of  the  intermediate  flash  region 
where  combustion  processes  may  take  place. 


These  processes  are  assumed  to  be  necessary  in  the  ignition 
sequence  leading  to  the  formation  of  secondary  flash. 

The  gas  gun  simulator  pre-charged  with  suitably  diluted  mix¬ 
tures  of  hydrogen  and  oxygen  permits  the  generation  of  relati¬ 
vely  clean,  reacting  gas  flows  with  realistic  ballistic  gas 
pressures  and  temperatures. 

The  gas  gun  is  capable  of  simulating  the  gun  muzzle  flash 
phenomena  with  particularly  simple  chemistry. 

The  secondary  muzzle  flash  produced  by  these  hydrogen-oxygen 
mixtures  is  suppressed  by  the  addition  of  alkali  salts,  here 
KjCO^ ,  to  the  propellant  charge. 
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Background 


The  designers  of  new  weapons  systems  and  sub-systems  can  test  for 
the  presence  or  abs  .ice  of  secondary  muzzle  flash  by  direct  empirical 
testing  or  by  recourse  to  the  recently  developed  muzzle  flash  prediction 
code,  MEFF.  The  development  of  this  model  and  its  more  fundamental 
assumptions  has  been  previously  discussed  [1,2].  A  key  feature  of  the 
MEFF  code  is  the  incorporation  of  a  suppression  reaction  network 
composed  of  elementary  kinetic  reactions,  which  permits  the  continual 
improvement  of  the  code  as  more  and  better  kinetic  data  are  obtained. 

To  construct  a  reaction  network  one  must  know: 

a)  the  identity  of  the  kinetically  important  chemical  species; 

b)  the  reaction  network  that  describes  how  these  species  interact; 

and, 

c)  the  rate  coefficients  that  determine  how  fast  these  species 
interact. 

Because  no  experiments  have  been  made  that  systematically  identify 
the  chemical  species  and  measure  their  relative  abundances,  we  are 
forced  to  estimate  the  species  that  are  important  in  the  suppression  of 
muzzle  flash  by  potassium  salts.  It  has  been  known  that  the  effluent 
from  a  gun  that  fires  conventional  ammunition  contains  large  quantities 
of  hydrogen  and  carbon  monoxide  [3-5].  More  recently  it  has  been 
demonstrated  that  a  gas  gun  pre-charged  with  hydrogen  and  oxygen 
(suitably  diluted  with  helium)  can  operate  at  pressures  and  temperatures 
characteristic  of  a  fielded  gun  [6].  Moreover,  it  was  shown  that  these 
mixtures  of  hydrogen  and  oxygen  are  sufficient  to  cause  secondary  muzzle 
flash.  Thus,  the  inclusion  of  the  species  that  correspond  to  hydrogen 
and  carbon  monoxide  combustion  are  appropriate.  In  References  1  and  2 
it  is  shown  that  these  species  are  H,  0,  OH,  H2,  O,.  HO,,  H20,  CO  and 
CO,.  Because  air  is  involved,  N2  is  also  included,  but  only  as  a 
diluent. 

For  the  selection  of  the  suppressant  species  we  consider  K,  KO, 
K02,  and  K03  by  analogy  with  the  sodium  inhibition  studies  of  Hynes, 
Steinberg  and  Schofield  [7].  Support  for  the  inclusion  of  K02  comes 
from  the  recent  tenative  identification  of  this  species  [8].  since  the 
muzzle  effluent  is  known  to  be  fuel  rich  the  species  KH  is  also 
considered. 

Thus  the  14  reactive  species  shown  in  Table  1  and  the  diluent  N2 
form  the  set  of  3pecies  under  current  consideration.  We  wish  to  stress 
hare  that  the  selection  of  species  shown  in  Table  1  is  speculative. 
Those  chosen  to  carry  the  combustion  are  quite  reasonable.  However, 
those  selected  to  carry  the  suppression  mechanism  are  on  much  less  firm 
ground.  This  i3  important  because  our  formulation  of  the  kinetic 
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network,  as  previously  discussed  [1,2,9],  is  more  or  less  mechanical 
once  the  species  have  been  selected. 


TABLE  1.  LIST  OF  ACTIVE  SPECIES 

enthalpy 

entropy 

reference 

(kcal/mole) 

(cal/mole/K) 

1 

H 

52.10 

27.40 

a  (p.  106) 

2 

K 

21.30 

38.30 

b 

3 

0 

59.60 

38.50 

a  (p.  132) 

4 

H, 

0.00 

31.20 

b 

5 

KH 

26.30 

47.30 

c,  b 

6 

KO 

17.50 

56.90 

c,  b 

7 

OH 

9.50 

43.90 

d 

8 

°2 

0.00 

49.00 

b 

9 

h62 

3.50 

54.40 

e,  b 

10 

h2o 

-57.80 

45.10 

b 

11 

KOH 

-54.50 

56.90 

c,  b 

12 

ko2 

-25.00 

62.00 

f 

13 

CO 

-26.40 

47.20 

b 

14 

co2 

-94.10 

51.10 

b 

a) 

J.  Phys. 

&  Chem.  Ref. 

Data,  Vol.  4,  1975. 

b) 

JANAF  Thermochemical  Tables,  Second  Edition, 

1971. 

c) 

J.  Chem. 

Thermo.,  Vol 

.  14,  pp.  1103-1113,  1982. 

d) 

J.  Phys. 

&  Chem.  Ref. 

Data,  Vol.  3,  p.  443, 

1974. 

•)  J.  Phys.  Chem. ,  Vol.  87,  pp.  3479-3482,  1983. 

f)  Refs.  1  &  2  (see  also:  BRL  Tech.  Rep.  BRL-TR-2622,  Dec.  1984.) 


Current  Work 

Table  2  shows  the  network  of  reactions  considered  in  this  report. 
It  essentially  the  same  as  derived  in  [1,2]  with  changes  being  made  only 
to  a  few  rate  coefficients.  It  is  these  changes  and  their  effect  upon 
the  MEFF-code  predictions  that  constitute  the  subject  matter  for  the 
remainder  of  this  report. 

The  rate  coefficient  for  reaction  (27)  has  been  changed  from  the 
derived  value  of  0.25E-30/T  [7]  to  the  more  recent  value  of 
0.128E-25/T**(1.28)  cm6/raolecule2/sec  j10J. 

In  addition  the  rate  coefficient  for  reaction  (28)  has  been 
measured  using  two  different  experimental  techniques.  Silver,  et  al. 
[11]  have  used  a  flow  reactor  to  measure  the  rate  coefficient  over  toe 
temperature  range  300-700K.  Husain  and  Plane  [12]  have  employed  time 
resolved  atomic  resonance  spectroscopy  to  measure  this  rate  coefficient 
at  753  and  873K.  Figure  1  shows  the  values  of  these  rate  coefficients 
for  nitrogen  as  the  chaperon  plotted  against  temperature.  Since 
reaction  (28)  is  thought  to  be  a  crucial  one  in  this  suppression 
network,  the  difference  in  toe  values  at  high  temperatures  might  prove 
important.  E.g.  at  2000K  the  difference  is  approximately  a  factor  of 
two. 


TABLE  2.  NETWORK  OF  REACTIONS 


reaction 


1 

2 

3 

4 

5 

6 

7 

8 
9 


OH 
H 
0 
H 
H 
H 
OH 
0 
H 

10  H 

11  OH 

12  H 

13  KO 

14  H 

15  H 

16  H 

17  H 

18  K 

19  K 

20  0 
21  0 

22  H 

23 


4  H- 


+  0, 


k£ 


4  H, 

tSi, 

+  HO? 
+  H02 
4  HO, 
4  H  2 
4  H 
4  OH 
4  KO, 
4  H,0 
KOH 
KO 
KO, 


4  M 


M 


H- 


4 

4 

4 

4 

4 

4 

4 

4 

4 

4 


KO, 


HO, 


HO, 


KO 


KO, 


KO 

OH 


24  KO 

4  HQ2 

25  KO 

4  H02 

26  OH 

4  K02 

27  K 

4  OH 

4  M 

28  K 

4  Oj 

4  M 

29  KO 

4  KO 

30  H 

4  KO 

4  M 

31  0 

4  KO 

4  M 

32  K 

4  0 

4  M 

33  H 

4  KH 

34  0 

4  KH 

35  0 

4  KH 

36  KH 

4  KO 

37  KH 

4  OH 

38  KH 

4  OH 

39  KH 

+  °2 

40  H 

4  K02 

41  H 

4  K 

4  M 

42  CO 

4  OH 

43  CO 

+ 

44  CO 

4  HO  2 

45  CO, 

4  0 

46  CO, 

4  H 

47  0 

4  CO 

4  M 

48  KO 

4  CO 

A 

B 

c 

H,0 

4  H 

0.17E-15 

-1.6 

-3298.8 

OH 

4  0 

0.20E-06 

0.9 

-16573.2 

OH 

4  H 

0.25E-16 

-2.0 

-7551.4 

HO, 

4  M 

0.55E-29 

0.8 

0.0 

OH 

4  OH 

0.25E-09 

0.0 

-1003.5 

H, 

4  0, 

C.42E-10 

0.0 

-693 . 5 

2 

+  $ 

+  Oo 

0.33E-10 

0.33E-10 

0.0 

0.0 

0.0 

0.0 

H, 

4  M2 

0.50E-29 

1.0 

0.0 

hJ 

4  H, 

0.27E-30 

0.6 

0.0 

o2 

4  H,0 

0.25E-14 

-1.1 

0.0 

KO 

4  oft 

0.12E-09 

0.0 

0.0 

OH 

4  KOH 

0.17E-09 

0.0 

0.0 

K 

4  H,0 

0.17E-10 

0.0 

***  0.0 

K 

+  oS 

0.33E-10 

0.0 

0.0 

0 

4  KOH 

0.33E-11 

0.0 

0.0 

K 

4  H02 

0.33E-10 

0.0 

0.0 

0 

4  KOH 

0.66E-13 

0.0 

0.0 

KO 

4  OH 

0.33E-11 

0.0 

0.0 

K 

4  0, 

0. 33E-11 

0.0 

0.0 

KO 

4  O2 

0.17E-11 

0.0 

o.o 

H 

4  KOH 

0.83E-09 

0.0 

0.0 

0 

4  KOH 

0.10E-09 

0.0 

0.0 

OH 

4  KO, 

0.33E-11 

0.0 

0.  0 

0, 

4  K0& 

0.17E-09 

0.0 

0.0 

o? 

4  KOH 

0.50E-12 

0.0 

0.0 

k8h 

4  M 

0.13E-25 

1.3 

***  0.0 

KO, 

4  M 

see  text 

for  values  used 

K2 

4  KO, 

0.17E-09 

0.0 

0.0 

KOH 

4  M  2 

0.83E-30 

1.0 

0.0 

KO, 

KO2 

4  M 

4  M 

0.33E-30 

0.83E-30 

1.0 

1.0 

0.0 

0.0 

K 

4  H, 

0» 17E-09 

0.0 

0.0 

H 

4  K§ 

0.83E-10 

0.0 

0.0 

K 

4  OH 

0.83E-10 

0.0 

0.  0 

K 

4  KOH 

0.17E-09 

0.0 

0.0 

H 

4  KOH 

0.17E-10 

0.0 

0.0 

K 

4  H,0 

0.17E-09 

0.0 

0.0 

K 

4  HO, 

0. 17E-09 

0.0 

0.0 

KH 

4  022 

0.17E-09 

0.0 

0.0 

KH 

4  M2 

0.83E-30 

1.0 

0.0 

H 

4  CO, 

0.73E-17 

-1.5 

741.0 

0 

+  col 

0.42E-11 

0.0 

-47800.0 

OH 

+  col 

0.25E-09 

0.0 

-23590.0 

CO 

4  0, 

0.28E-10 

0.0 

-52580.0 

CO 

+  oS 

0.27E-09 

0.0 

-26300.0 

CO- 

4  M 

0.15E-33 

0.0 

4540.0 

-  K 

4  C02 

0.17E-09 

0.0 

0.0 

The  rate  coefficient  -Ax  T**(-B)  x  exp(C/RT) 
where  A  in  units  of  cm-particle-sec 
C  in  units  of  calorie/mole 


Table  3  shows  the  MEFF  predictions  using  the  above  changes  in  the 
rate  coefficients  for  three  mortar  and  several  artillery  cases.  The 
propellant  and  its  additive  (if  any)  are  shown  in  the  first  column.  The 
second  and  third  columns,  labelled  "Husain”  and  "Silver",  respectively, 
show  the  maximum  temperature  computed  by  the  MEFF  code.  Our 
interpretation  is  associated  with  each  of  these  computed  temperatures. 
"F"  means  that  flash  is  predicted  and  "N"  means  that  suppression  of  the 
flash  (i.e.,  no  flash)  is  predicted.  Column  five  shows  the  field 
Observations  where  available. 

One  other  series  of  computations  was  made  using  only  the  two-step 
suppression  mechanism  recommended  by  Jensen,  Jones  and  Mace  [13].  For 
these  computations  the  reaction  network  given  in  Table  2  was 
dramatically  reduced.  Only  reactions  (14)  and  (27)  were  retained  as  the 
suppression  mechanism  (See  ***  in  Table  2)  and  all  other  reactions 
involving  potassium  species  wero  deleted  from  the  network.  This  left  19 
reactions.  The  rate  coefficients  for  reactions  (14)  and  (27)  were 
taken  from  [13],  i.e.  for  reaction  (14):  k«1.8E-ll*exp(-1987/RT) 
cm 3/molecul a/sec  and  for  reaction  (27):  k-1.5E-27/T  cm6/wolecule2/sec. 
The  results  of  these  MEFF  code  computations  can  be  seen  in  column  four, 
labelled  "Jensen",  of  Table  3. 

TABLE  3.  MODEL  PREDICTIONS 


MAXIMUM  TEMPERATURE 


81-mm  MORTAP  PROPELLANT 

HUSAIN 

SILVER 

JENSEN 

Observation 

Nominal  M10  from  which  the 
suppressant  has  been  removed. 

- 2100-F - 

2048— F 

Flash 

Nominal  M10  which  contains 
about  1%  K2f)04  suppressant. 

1157-N 

1159-N 

2312— F 

No  Flash 

Nominal  M10  but  with  2% 

K2S04  suppressant. 

15 5 -mm  HOWITZER  PROPELLENT 

1149-N 

1149-N 

2189— F 

No  Flash 

Nominal  M30A1  from  which  the 
suppressant  has  been  removed. 

— — 2084— F— 

2084— F 

Flash 

Nominal  M30A1  which  contains 

1%  K2S04  suppressant. 

1081-N 

1082-N 

2175-F 

Flash 

Nominal  M30A1  but  with  2% 

K2S04  suppressant. 

1064-N 

1064-N 

1061-N 

Nominal  M30A2  which  includes 
2.7%  KNO^  suppressant. 

1095-N 

1095-N 

2113— F 

Occasional 

HMX  with  L-35  poly ether  binder. 

859-N 

846-N 

859-N 

Discussion 

As  can  be  seen  in  Table  3,  the  results  of  the  MEFF  computations 
with  the  reaction  network  as  shown  in  Table  2  are  not  sensitive  to 
differences  in  the  values  of  the  rate  coefficient  for  reaction  (28)  (See 
Figure  1}.  In  fact  all  of  the  cases  in  which  there  is  suppressant  added 
to  the  propellant  are  computed  not  to  flash  (See  Table  3).  This  leads 
to  the  suspicion  that  there  is  something  amiss  with  the  suppression 
network  itself.  One  possibility  is  the  following. 

For  values  of  those  reaction  rate  coefficients  which  have  not  been 
measured  we  had  adopted  gas  kinetic  rate  coefficients  that  are 
independent  of  the  temperature.  More  realistic  coefficients  might  be 
able  to  be  established  by  analogy  with  reactions  for  which  the  rate 
coefficient  has  been  measured.  E.g.  the  hydrogen  analogue  of  reaction 
(19)  is  reaction  (6)  s  and  so  the  value  of  the  rate  coefficient  for 
reaction  (6)  could  be  adopted  as  the  value  for  reaction  (19).  These 
type  of  changes  have  yet  to  be  made. 

The  wholesale  substitution  of  the  two-step  suppression  mechanism 
proposed  by  Jensen  and  coworkers  [13]  leads  to  improved  predictions  for 
the  155-mm  howitzer  cases,  but  this  mechanism  also  leads  to  incorrect 
predictions  in  the  81-mm  mortar  cases.  Since  all  properties  of  the  MEFF 
code  except  the  kinetic  suppression  mechanism  have  been  held  fixed,  one 
can  make  the  plausable  assumption  that  the  differences  between  the 
computed  and  observed  results  are  due  to  the  change  in  the  kinetic 
mechanism.  We  suggest  that  the  mechanism  proposed  [13]  is  in  fact  a 
global  one.  If  this  is  the  case  then  it  becomes  extremely  difficult  to 
see  how  one  could  improve  it.  On  the  other  hand,  the  general 
methodology  of  network  development  employed  [1,2]  allows  for  the 
evolution  and  improvement  of  the  network  shown  in  Table  2. 

As  stated  above,  the  identity  of  the  alkali-containing  species  is 
crucial  in  the  establishing  of  the  reaction  network.  We  need  to  know 
what  species  are  present  during  the  suppression  of  muzzle  flash. 
Because  the  transient  nature  of  gun  muzzle  flash  makes  a  species  survey 
quite  difficult,  a  likely  technique  would  be  a  mass-spectrometric 
determination  of  the  species  present  during  the  inhibition  of  a  suitable 
flat  flame. 
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Flash  Simulation  with  a  Global  Reaction  Model  for  Transient 
Flow  from  the  84  mm  Carl  Gustaf  Ri£le+ 


By 


M.B.  Khalil,*  E.G.  Plett, *  and  D.H.  Gladstone** 


Abstract 

The  paper  begins  with  a  brief  review  of  the  state-of- 
the-art  of  previous  work  on  gun  flash.  Then  a  description  is 
given  of  the  approach  taken  to  implement  reaction  kinetics  in 
the  computations  of  the  flow  from  the  84  mm  Carl  Gustaf  re¬ 
coilless  rifle  to  determine  the  effect  of  secondary  flash  on 
the  blast  noise  signature.  The  conservation  equations  are 
modified  to  include  conservation  of  several  species  which  are 
allowed  to  exist  in  each  of  the  cells  of  the  computational 
grid.  An  Arrhenius  model  is  used  to  describe  the  reaction 
rate  between  the  species  that  can  burn,  with  combustibles 
considered  as  one  species.  This  is  utilizing  a  one-step  glo¬ 
bal  reaction. 

Results  of  computations  implementing  this  approach  in  a 
finite  difference  code  which  computes  the  transient  flow  for 
the  breech  nozzle  of  the  Carl  Gustaf  rifle  are  presented. 
Results  of  the  numerical  computations  show  that  even  such  a 
simple  approach  illustrates  the  important  factors  regarding 
the  effect  of  secondary  flash  on  blast  noise.  It  was  found 
that  the  blast  noise  (peak  over-pressure)  increases  notice¬ 
ably  as  the  amount  of  combustibles  in  the  breech  effluent  in¬ 
creases  if  ignition  of  a  combustible  mixture  is  permitted  ac¬ 
cording  to  the  Arrhenius  rate  equation. 

The  approach,  however,  may  need  to  be  expanded  to  in¬ 
clude  a  wider  list  of  species  and  a  more  comprehensive  list 
of  chemical  reactions.  This  can  be  done  as  an  extension  of 
the  present  approach.  Flux-corrected  transport  and  turbu¬ 
lence  effects  should  also  be  incorporated  in  the  code  in  or¬ 
der  to  improve  the  accuracy  of  the  simulation  of  the  real 
phenomena. 
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Canada 

+  Based  on  work  supported  by  DND,  Defence  Research  Establish¬ 
ment,  Valcartier  under  contract  0SD85-OOO63 


Review  of  Gun  Flash 


As  the  projectile  moves  in  the  barrel  toward  the  muzzle, 
some  of  the  fuel-rich  propellant  gas  may  leak  through  the 
clearance  between  the  projectile  base  and  the  inner  surface 
of  the  barrel.1  These  propellant  gases  will  mix  with  the  air 
in  the  barrel  ahead  of  the  projectile  or  in  front  of  the  muz¬ 
zle  and  form  a  combustible  mixture  that  gets  ignited  at  the 
muzzle  producing  'preflash'.  Preflash  can  also  arise  from 
forcing  out  of  the  air  in  the  barrel  (or  the  gases  from  a 
previous  firing)  in  front  of  the  projectile.  This  air  or 
gases  are  at  high  temperature  and  therefore  would  glow  at  the 
muzzle.  The  same  phenomenon  can  be  found  in  the  Carl  Gustaf 
recoilless  rifle  after  the  pressure  in  the  combustion  chamber 
reaches  shot-3tart  pressure  and  the  diaphragm  closing  the  re¬ 
coil  nozzle  breaks.  The  release  of  the  projectile  from  the 
muzzle  allows  a  sudden  burst  of  high  temperature,  high  pres¬ 
sure  gases  to  leave  the  barrel  and  mix  with  the  ambient  air 
and  therefore  burn  in  what  is  termed  'primary  flash'.  '.The 
gases  effluent  from  the  muzzle  in  this  case  form  an  undelex- 
panded  jet  which  is  then  allowed  to  expand  to  atmospheric 
pressure  while  attaining  a  very  high  velocity  (in  the  super¬ 
sonic  range  in  the  order  of  2000  m/s).1  Although  the  projec¬ 
tile  situation  is  absent  in  the  breech  side  of  the  Carl 
Gustaf  rifle,  which  prevents  primary  flash  from  taking  place, 
the  underexpanded  jet  still  forms  in  this  case  with  the  sub¬ 
sequent  increase  in  velocity  upon  expansion  in  the  ambient 
air.  This  high  velocity  stream  on  either  side  of  the  gun 
makes  way  for  the  formation  of  a  normal  shock  wave  (Mach 
disc)  which  keeps  on  moving  downstream  away  from  the  gun.  As 
the  gases  pass  through  the  Mach  disc,  their  temperature  will 
rise  and  thereby  glow  with  radiation  in  the  visible  range 
producing  'intermediate  flash'.1  Following  the  Mach  disc, 
the  gases  will  continue  to  expand  and  mix  with  the  atmospher¬ 
ic  air.  Due  to  the  fact  that  a  large  portion  of  the  gas 
flowing  from  the  muzzle  is  made  of  CO  and  H-  (up  to  70*),1 
especially  from  the  breech  of  the  Carl  Gustaf^  where  unburnt 
propellant  particals  may  also  exist,  it  can  form  a  combust¬ 
ible  mixture  as  it  mixes  with  the  ambient  air.  If  the  temp¬ 
erature  of  the  mixture  is  near  the  self  ignition  temperature, 
or  some  burnt  particles  are  present  to  initiate  combustion, 
the  mixture  will  ignite  and  produce  'secondary  flash'.  The 
strength  of  the  blast  resulting  from  the  reactions  causing 
the  previously  described  flashes  is  much  less  than  that  as¬ 
sociated  with  the  secondary  flash.1'5’*  Also,  the  light  ac¬ 
companying  the  secondary  flash  surpasses  in  its  brightness 
the  summation  of  that  from  the  other  flashes.  Photographs 
from  firings  of  the  Carl  Gustaf  show  clearly  that  the  glow 
from  the  breech  side  is  much  brighter  and  of  a  larger  extent 
than  that  from  the  muzzle.  These  photos  support,  until  now, 
the  hypothesis  that  a  large  portion  of  the  propellant  escapes 
unburned  with  the  breech  gases  and  gets  ignited  outside  the 
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gun  producinq  this  huge  glow  and  strong  blast.  Figure  1 
shows  several  schematic  drawings  of  the  various  flashes  en¬ 
countered  from  the  muzzle. 


There  are  three  main  factors  affecting  secondary  flash. 
The  first  relates  to  chemical  factors  such  as  propellant  com¬ 
position  , 7  *  *  the  presence  of  flash  suppressants 1 0 ’  * 1 ’ 1 2  *  1 5 
and  flame  temperature  of  the  propellant.  Physical  factors 
include  the  thermodynamic  condition  of  the  propellant  gases 
at  the  muzzle  or  breech  ends  (temperature,  pressure  and  vel¬ 
ocity)  and  the  location,  extent  and  strength  of  the  Mach  disc 
in  the  flow  passage.  The  third  group  of  factors  are  those  of 
mechanical  nature  such  as  flash  hiders,  muzzle  extensions, 
muzzle  brakes,  baffles  and  liners  (on  the  breech  side). 

The  intense  brightness  of  gun  flash  reveals  the  presence 
of  the  gun  and  leads  to  identifying  its  location  by  the  enemy 
troops.  Also,  the  bright  glow  of  gun  flash  at  night  causes 
momentary  blindness  for  the  gun  crew.  The  blast  noise  re¬ 
sulting  from  gun  flash  adds  to  the  original  blast  signature, 
and  the  blast  from  gun  flash  exceeds  all  other  blasts  in  its 
over-pressure  strength,  which  has  a  serious  consequential  ef¬ 
fect  on  the  hearing  ability  of  the  gun  crew. 1  * 1 5  * 


Approaches  for  Preventing  Gun  Flash 

Over  the  years  of  development  and  applications  of  guns, 
several  approaches  have  been  introduced  to  overcome  or  elim¬ 
inate  gun  flash.  These  approaches  are  summarized  by  classi¬ 
fying  them  as  follows? 

Mechanical  Devices1 4 ' 1  * 

These  are  simply  attachments  of  conical  or  slotted  shape 
fitted  at  the  muzzle  end.  At  the  breech  end,  liners  of  vari¬ 
ous  shapes  and  geometry  can  be  utilized.  These  devices  are 
used  to  enhance  cooling  of  the  propellant  gases  as  they  grad¬ 
ually  mix  with  the  ambient  air  to  bring  the  temperature  of 
the  mixture  below  that  of  self  ignition.  This  delays  the 
formation  of  a  combustible  mixture  allowing  for  the  cooling 
effect  by  the  diffusion  of  the  ambient  air  to  bring  the  temp¬ 
erature  down.  Some  mechanical  devices  would  allow  the  gases 
to  expand  in  a  controlled  passage  for  some  distance  to  pre¬ 
vent  the  formation  of  the  Mach  disc  entirely,  and  thereby 
prevent  the  secondary  flash  onset  which  results  from  the 
temperature  rise  as  the  gases  pass  through  the  Mach  disc. 


Aqueous  Foams 


t  7  «  1  I 


Thi3  is  similar  in  its  approach  to  the  mechanical  de¬ 
vices.  It  is  carried  out  by  installing  a  box  or  a  bag  at  the 
muzzle  and/or  breech  ends  of  the  gun  after  filling  the  box  or 
the  bag  with  aqueous  foam  (similar  to  shaving  cream).  This 
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was  found  to  eliminate  gun  flash  (including  preflash,  primary 
and  intermediate)  and  reduced  the  blast  noise  by  -10  db  when 
applied  to  the  muzzle  end.  No  such  application  has  been  at¬ 
tempted  with  recoilless  rifles  such  as  the  Carl  Gustaf,  to 
date. 


Chemical  Additives 1 0  *  1 1  *  1 2 ' 1 3  *  1  * >  1 1 

This  is  the  most  widely  used  approach  for  flash  suppres¬ 
sion.  These  additives  are,  in  general,  small  proportions 
(1-6*)  of  alkali  salts  (sodium  or  potassium)  mixed  with  the 
propellant  charge.  The  additives  that  are  used  on  a  large 
scale  are  K2SO. ,  KNO,  and  K2C2®4‘  The  complete  list  of  the 
additives  in  use*as  flash  suppressants  and  their  evaluation 
can  be  found  in  a  report  by  Heimerl  et  al.5J  from  BRL  and 
EMI-AFB.  Several  research  programs  were  carried  out  to  in¬ 
vestigate  the  mechanism  of  flash  suppression  by  alkali 
salts. 1 °" 1 ** 1 1  Some  of  these  tests  were  performed  on  actual 
firings  of  guns  using  propellant  charge  with  different  addi¬ 
tives  at  various  proportions.  Other  tests  were  performed  us¬ 
ing  a  shock  tube  approach  by  blending  gases  from  commercial 
gas  bottles  to  simulate  the  mixture  from  the  muzzle  and  per¬ 
forming  some  tests  to  determine  the  effectiveness  of  the  var¬ 
ious  additives  in  suppressing  gun  flash.  There  is  a  general 
agreement  among  researchers  that  gaseous  KOH  is  the  inhibit¬ 
ing  species  in  potassium  salts.  Recent  studies20’ 3 '  suggest 
that  alkali  salts  act  as  flame  supressents  by  altering  the 
chemical  composition  of  the  fuel-rich  muzzle  effluent  and 
thereby  increasing  the  ignition  delay  time  or  ignition  limit. 
This  delay  is  enough  to  allow  further  cooling  of  the  mixture 
as  it  mixes  with  the  ambient  air  and  hence  no  flash  occurs. 
This  delay  may,  on  the  other  hand,  provide  a  chemical  pathway 
that  effectively  competes  with  the  chain-branching  reaction 
and  thus  depletes  the  pool  of  radicals.  It  is  believed  that 
in  a  fuel-rich  H-C-N-0  combustion  process,  the  reaction  which 
promotes  secondary  flash  is  the  chain  branching  reaction:20 


H  +  02  --->  OH  +  0  +  71  kj/mole  (1) 


Several  researchers  suggested  that  flame  inhibition  occurs 
via  the  reaction: 


KOH  ♦  H  — >  H20  +  K  -  138  kJ/mole 


(2) 


or 


KOH  +  OH  --->  H20  +  KO  +  27  kJ/mole 


(3) 
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Reactions  (2)  and  (3)  were  studied  carefully  by  Heimerl 
and  Klingenberg, * 4  and  they  concluded  that  these  two  reac¬ 
tions  are  oversimplified  explanations  of  suppression  mechan¬ 
isms  by  KOH.  They  suggested  a  further  detailed  study  to  be 
carried  out  to  identify  the  real  intermediate  reactions  which 
take  place  during  flash  inhibition  by  KOH. 

A  comparison  was  done  by  Heimerl  et  al.33  of  the  flash 
supressing  compounds  in  terms  of  their  effectiveness  as  re¬ 
ported  by  researchers  from  various  establishments.  They 
found  that  the  effectiveness  results  are  at  variance  from  one 
report  to  another.  A  unification  of  conditions  and  test 
equipment,  however,  is  needed  for  a  fair  basis  of  comparison. 

Firing  of  guns,  the  propellant  charge  of  which  contains 
alkali  salts  as  flash  suppressant  results  in  increase  in 
smoke  production. * 1  * 1 1 ' 3 1  This  is  considered  a  serious  draw¬ 
back  of  suppressing  flash  by  means  of  chemical  additives,  be¬ 
cause  smoke  will  reveal  the  gun  location  if  the  gun  is  fired 
during  the  day. 

Encapsulated  Oxanide  Coolant* * 

Brodman  et  al.  introduced,  in  a  U.S.  patent,  another  ap¬ 
proach  to  suppress  secondary  flash  without  adding  alkali 
3alts  to  the  propellant  charge  and  thereby  eliminate  smoke 
production.  Their  approach  uses  a  'novel'  propellant  with 
more  energetic  nitramine  composition  and  a  microencapsulated 
oxanide  coolant  additive  to  cool  the  gases  effluent  from  the 
weapon.  The  oxanide  is  encapsulated  with  gelatin  and  the  re¬ 
sulting  microcapsules  are  coated  with  a  plastic  resin.  The 
coating  is  made  to  survive  the  ignition  conditions  in  the 
combustion  chamber  of  the  gun  and  decomposes  during  travel 
along  the  barrel  to  cool  exiting  gases  and  hence  eliminate 
flash.  Test  firing  of  the  7.62  mm  M14  rifle  with  2.4X  cool¬ 
ant  resulted  in  complete  elimination  of  secondary  flash  and 
smoke.  The  idea,  however,  seems  to  suit  the  muzzle  side  more 
than  the  breech  side,  unless  recoil  compensation  is  accom¬ 
plished  with  a  counter  projectile. 


Techniques  for  Prediction  of  Secondary  Flash 

Several  techniques  have  been  developed  to  predict  the 
onset  of  gun  flash  through  knowledge  of  propellant  composi¬ 
tion,  including  suppressant  additives,  to  aid  charge  design¬ 
ers  and  reduce  the  expensive  cost  of  experimental  testing. 
Some  models  rely  completely  on  chemical  reaction  rates  (chem¬ 
ical  kinetics  of  the  reaction  network  involved)  in  their  pre¬ 
diction,  others  need  the  results  of  actual  experimental  fir¬ 
ings  of  the  same  propellant  charge  (and  suppressant).  Given 
below  is  a  brief  overview  of  the  various  models  developed  for 
this  purpose. 
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Analytic  Models 

Muzzle  Exhaust  Flow  Field  Model  (MEFF) 

This  model  was  developed  by  Yousef  ian, 2  3  ’ 2  **  to  describe 
muzzle  exhaust  flow  field.  The  model,  Figure  2,  assumes  1-D 
flow  of  the  gas  exiting  from  the  muzzle  downstream  to  the 
position  of  the  Mach  disc.  Then  the  gas  expands  as  it  mixes 
with  the  entrained  air.  Yousef ian  uses  the  LAPP1"  code,  a 
2-Jmodel  which  describes  the  mixing  and  chemical  reaction  pro¬ 
cesses  downstream  of  the  Mach  disc,  to  compute  the  properties 
of  the  mixture  after  the  temperature  rise  it  encountered  as 
it  passed  the  Mach  disc.  Empirical  correlations  were  used  in 
MEFF  to  locate  the  position  of  the  Mach  disc  and  to  estimate 
its  diameter.  The  initial  reactions  network  used  by 
Yousefian  in  MEFF  employed  13  reactions  and  13  atomic  and 
molecular  species. 25  However,  later  on,15  the  same  number  of 
species  was  linked  by  an  'extended  kinetics'  reaction  network 
of  25  reactions.  Presently* 1  the  reaction  network  includes  a 
set  of  55  reactions,  but  some  of  them  are  deleted  from  the 
network  due  to  their  small  contribution  in  comparison  with 
other  reactions.  Heimerl  ot  al.1*  describe  the  final  network 
of  reactions  as  single-bond-breaking  reactions  and  gives  the 
constants  for  48  of  them  as  pertaining  to  gun  flash.  Igni¬ 
tion  which  leads  to  flash  in  the  Yousefian  model  is  indicated 
by  a  sharp  rise  in  the  temperature  of  the  mixture  as  the 
temperature  of  the  mixture  is  calculated  versus  the  axial 
distance  measured  from  the  muzzle  end.  Figure  3  shews  a.  sam¬ 
ple  of  temperature  plots  versus  distance  for  various  propor¬ 
tions  of  chemical  suppressants.35  A  more  recent  listing  of 
the  code  MEFF  together  with  a  User's  Manual  was  prepared  by 
Keller21  of  BRL.  This  latest  version  describes  in  more  de¬ 
tail  the  other  programs  which  MEFF  uses  to  compute  the  vari¬ 
ous  boundary  conditions  in  the  field  in  addition  to  interior 
ballistics  in  the  gun, 

Standard  Plume  Flow  Model  (SPF) 

This  model  was  used  at  BRL,1*  after  being  developed  by 
the  Aerochem  Research  Laboratories  for  AFRPL .  Therefore,  it 
is  originally  a  rocket  flow  code  and  not  intended  to  perform 
gun  flash  computations.  Thu  version  used  at  BRL  starts  with 
the  conditions  at  the  exit  plane  of  the  rocket  nozzle  and 
calculates  the  size  and  locations  of  the  Mach  disc  and  barrel 
shock.  The  code  BOAT  within  SPF  performs  detailed  time  step¬ 
ping  calculations,  using  detailed  chemistry,  of  the  pressure, 
temperature,  density,  etc.  downstream  of  the  Mach  disc.  SPF 
predicts  the  onset  of  flash  in  a  similar  fashion  to  MEFF, 
i.e.  by  a  sharp  rise  in  the  temperature  of  the.  mixture.  The 
code  originally  has  9  species  and  10  equations  for  their  re¬ 
action  kinetics  which  are  many  less  than  MEFF.  The  code  also 
does  not  include  suppressant  chemistry. 


58 


The  code  requires  supersonic  flow  at  the  nozzle  exit 
plane  and  cannot  handle  the  starting  of  subsonic  or  sonic 
flows.  This  implies  that  more  development  is  needed  in  this 
code  if  it  is  to  be  used  as  a  gun  flash  prediction  tool. 


Algebraic  Models 

Carfagno* s  Model2 7 

This  model  has  evolved  after  extensive  experimental  in¬ 
vestigation,  using  shock  tubes,  regarding  the  occurrence  of 
gun  flash  under  different  conditions.  Through  these  experi¬ 
ments,*'*  Carfagno  developed  a  set  of  ignition  temperature 
limits  of  air  and  propellant  gas  at  atmospheric  pressure. 
Five  propellants  are  simulated  by  allowing  the  shock  tube  to 
contain  40-70%  combustibles  of  CO  and  H,.  The  muzzle  gas 
combustibles  were  simulated  from  commercial  gas  bottles  and 
then  mixed  with  air  and  water  vapour.  The  mixture  was  placed 
in  a  shock  tube  and  subjected  to  the  incident  and  reflected 
waves  in  order  to  achieve  the  required  pressure  (atmospheric) 
and  temperature. 

Figure  4  shows  the  ignition  temperature  results  obtained 
from  these  tests.27  Using  these  ignition  temperature  limits, 
Carfagno17  developed  a  1-D  model  to  characterize  the  flow 
process  that  led  to  ignition.  Figure  5  shows  the  model  de¬ 
veloped  by  Carfagno  in  which  he  assumes  that  the  propellant 
gas  expands  isentropically  to  atmospheric  pressure,  mixes 
with  ambient  air,  passes  through  the  Mach  disc  where  its 
temperature  is  raised,  re-expands  to  atmospheric  pressure  and 
finally  ignites  if  the  mixture  temperature  exceeds  the  speci¬ 
fied  limits  of  Figure  4. 

Carfagno,  May  and  Einstein  Model  (CME) 

May  and  Einstein11  found  out  that  their  experimental 
measurements  do  not  agree  with  the  flow  model  suggested  by 
Carfagno,  Figure  3.  They  suggested  that  only  the  propellant 
gas  (instead  of  propellant  gas  mixture)  passes  through  the 
Mach  disc  in  the  exhaust  plume.  They  developed  a  model, 
shown  in  Figure  6,  in  which  the  propellant  gas  expands  to  at¬ 
mospheric  pressure,  passes  through  the  Mach  disc  and  re¬ 
expands  to  atmospheric  pressure  where  mixing  with  air  takes 
place  followed  by  possible  ignition.  The  muzzle  exit  condi¬ 
tions  used  by  May  and  Einstein  were  more  correct  compared  to 
those  used  by  Carfagno  due  to  the  use  of  an  improved  interior 
ballistics  model. 

Schmidt's  Model1’ »’ 22 

Figure  7  shows  a  schematic  drawing  of  the  modal  devel¬ 
oped  and  used  by  Schmidt. l,‘  He  used  the  same  interior  bal¬ 
listic  model  that  May/Einstein  used  to  compute  the  gas  condi- 


tions  at  the  muzzle  exit.  He  allowed  for  the  expansion  to 
continue  to  sonic  if  the  initial  exit  velocity  is  subsonic. 
Schmidt  utilized  the  assumption  of  the  MEFF  model  of 
Yousef ian  to  make  the  Carfagno/May/Einstein  model  (CME)  more 
realistic.  The  jet  plume  is  approximated  as  a  steady  plume 
with  shock  structure  and  mixing  of  the  propellant  gas  streams 
processed  through  the  lateral  shocks  and  the  Mach  disc  as  in 
MEFF.  Mixing  of  the  propellant  gas  and  air  is  assumed  to  be 
instantaneous,  1-D  as  in  the  CME  model.  Schmidt  also  used 
the  ignition  temperature  criterion  developed  by  Carf agno2 7  to 
decermine  the  flash  onset  of  the  mixture.  Schmidt  suggested 
that  in  order  to  account  for  the  transient  development  of  the 
flow,  the  decay  of  the  muzzle  properties  should  be  computed 
in  an  approximate  manner  and  then  coupled  with  the  descrip¬ 
tions  of  growth  and  decay  of  the  propellant  gas  plume  and  as¬ 
sociated  air  blast.  The  model  also  includes  allowance  for 
the  presence  of  muzzle  brakes. 

Algebraic  Criterion  by  Yousefian1 * 

Due  to  the  complexity  of  the  MEFF  model,  Yousefian 
developed  a  simpler  model  using  an  algebraic  criterion.  It 
predicts  the  onset  of  flash  based  on  conditions  which  lead  to 
continuous  (monotonic)  growth  of  the  concentration  of  the  mi¬ 
nor  species  (H,  OH,  0  and  HO,).  This  was  done  by.  analyzing 
the  conservation  equations*  of  the  minor  species  along  any 
streamline  (to  justify  neglecting  the  effects  of  turbulent 
mixing).  From  the  chemical  reaction  rates  of  the  minor  and 
major  species  (H,0,  CO,  H,,  CO,,  0,  and  KOH),  neglecting  tur¬ 
bulent  and  diffusion  effects,  Yousefian  arrived  at  a  set  of 
linear  differential  equations.  Several  simplifications  were 
made  by  Yousefian  based  on  analysis  of  the  order  of  magni¬ 
tude,  to  solve  the  set  of  linear  differential  equations. 
From  the  solution  of  these  lines'  differential  equations,  he 
gives  the  algebraic  criterion  in  the  form  of  non-equality  re¬ 
lating  the  oxygen  concentration  in  the  mixture  to  the  concen¬ 
tration  of  the  suppressant  in  the  propellant  and  the  absolute 
temperature  of  the  mixture  as  follows: 


y  ^  v  ®  s  1.0 

1.0  7  0.214X09  Exp( 7250/t) 

where  Y  ■  concentration  of  oxygen  (or  KOH)  in  mixture 


X0_  a  concentration  of  suppressant  in  propellant 


T  =  absolute  temperature  of  mixture 
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Plash  onset  is  predicted  if  the  value  of  Y  becomes  equal 
to  or  greater  than  that  of  Y9.  Figure  8  (taken  from  Ref.  15) 
shows  a  plot  of  Y  vs  Y°  for  three  different  suppressant  con¬ 
centrations. 


L 


Yousefian  conducted  several  experiments  as  well  as  num¬ 
erical  predictions  with  both  MEFF  and  the  algebraic  criterion 
models.  He  found  that  results  from  the  algebraic  criterion 
were  consistent  with  predictions  of  MEFF  and  with  experi¬ 
mental  observations. 


Implementing  Secondary  Flash  Predictions  Into  the 
Computations  of  JET 


JET  is  a  FORTRAN  computer  code  which  computes  the  trans¬ 
ient  compressible  flow  in  2-D  cylindrical  coordinates.  De¬ 
tailed  description  of  the  numerical  technique  used  in  JET  to¬ 
gether  with  several  important  features  can  be  found  in  a  pa¬ 
per  by  Plett  et  al.15  which  describes  the  usage  of  JET  to 
compute  the  flow  resulting  from  the  open  end  of  a  shock  tube. 
The  driving  conditions  for  JET,  therefore,  can  be  those  from 
a  shock  tube  code  or  quasi-steady  conditions  at  the  exit  sec¬ 
tion  of  a  pipe  or  a  nozzle.  The  original  purpose  of  develop¬ 
ing  JET,  however,  was  to  be  used  with  an  interior1'  ballistics 
code  REGUN  developed  at  DREV1*  to  provide  the  driving  condi¬ 
tions  to  compute  the  breech  flow  or  the  muzzle  flow  of  a  re¬ 
coilless  rifle.17  Application  of  JET  to  compute  the  over¬ 
pressure  at  some  selected  positions  in  the  flow  passage  from 
the  open  ended  shock  tube  showed,  in  general,  satisfactory 
agreement  with  experimental  measurements. 1 1  On  the  other 
hand,  the  application  of  JET  to  perform  similar  computations 
for  the  flow  resulting  from  the  breech  of  the  84  mm  Carl 
Gustaf  rifle  did  not  agree  with  experimental  measurements. 1  * 
The  reason  was  attributed  to  the  absence  of  chemical  kinetics 
in  the  computations  of  JET,  especially  on  the  breech  side 
wnere  some  propellant  particles  might  escape  without  burning 
inside  the  combustion  chamber  of  the  gun,  but  ignite  on  con¬ 
tact  with  the  ambient  air.  This  hypothesis  was  supported  by 
visual  observation  of  actual  firings  of  the  gun  which  pro¬ 
duces  a  huge  ball  of  bright  light  on  the  breech  side  behind 
the  gun. 


Reviewing  the  various  modelling  approaches  developed 
thus  far  for  secondary  flash  prediction,  as  given  earlier, 
provided  basis  for  our  approach  to  be  utilized  in  the  compu¬ 
tations  of  JET.  The  absence  of  any  detailed  available  exper¬ 
imental  data  on  the  secondary  flash  of  the  Carl  Gustaf  rifle 
implied  that  such  models  requiring  experimental  results  can¬ 
not  be  used  here.  These  models  include  Carfagno's,  Carfagno/ 
May/Einstein's  and  Schmidt's  as  well  as  the  algebraic  model 
developed  by  Yousefian.  Due  to  the  fact  that  their  models, 
in  addition  to  requiring  experimental  testing  to  be  done  in 
most  cases,  have  the  computations  end  upon  predicting  whether 
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the  propellant  gases  will  flash  or  not.  This  implies  that 
they  cannot  be  used  in  the  computations  of  JET  to  predict  the 
effect  of  secondary  flash  on  the  flow  characteristics. 

At  this  point  we  turned  our  attention  to  the  models 
which  predict  secondary  flash  numerically  such  as  MEFF  or  SPF 
models.  The  MEFF  code  was  made  available  to  us.  After  code 
was  installed  on  our  Network  of  Apollo  Computers,  several 
statements  and  commands  had  to  be  changed  or  replaced  to  get 
the  code  operational.  Following  the  success  of  getting  MEFF 
operational,  it  was  realized  that  it  requires  a  very  long 
time  on  our  mini-computers  to  perform  a  complete  cycle  of 
computations.  This  implies  that  utilizing  MEFF  in  JET  on  a 
transient  basis  is  very  impractical  and  it  will  tax  our  com¬ 
puters  for  uneconomically  long  periods  of  time.  Added  to 
this  io  the  fact  that  MEFF  starts  its  computations  from  the 
position  of  the  Mach  disc,  whereas  the  JET  code  requires  con¬ 
sideration  of  the  entire  computational  grid  extending  from 
the  nozzle. 

The  Approach  Followed  in  the  Code  JET  to  Account  for 

Chemical  Kinetics _ 

The  approach  followed  to  account  for  chemical  kinetics 
in  the  computations  of  JET  stems  from  the  very  basis  of  de¬ 
riving  the  finite  difference  equations  used  in  JET.  This  was 
carried  out  by  allowing  for  several  species  to  exist  in  the 
computational  field.  As  a  first  approximation  to  determine 
the  validity  of  the  approach,  it  was  decided  to  consider 
three  species  only  to  coexist  in  the  flow  field.  These  spe¬ 
cies  were  assumed  to  be  oxygen,  inerts  (including  nitrogen 
and  completely  burnt  propellant  gases)  and  combustibles  in 
the  propellant  gas.  It  was  realized  shortly  after  developing 
the  required  code  that  nitrogen  should  have  been  considered 
as  a  separate  species,  however,  this  is  very  easy  to  imple¬ 
ment  and  the  source  term  for  nitrogen  is  zero.  A  separate 
conservation  equation  is  used  for  each  of  the  species  consid¬ 
ered  with  a  source  term.  The  momentum  equations  are  similar 
to  those  in  the  previous  version  of  JET,  but  the  energy  equa¬ 
tion  contains  a  source  term  due  to  the  energy  released  upon 
combustion  of  the  fuel  in  the  flow  field.  The  finite  differ¬ 
ence  equations  are  derived  for  both  steps,  as  described  in 
Ref.  35,  by  applying  the  conservation  principles  to  a  suit¬ 
able  control  volume.  The  source  term,  for  the  present  devel¬ 
opment,  was  only  considered  in  the  second  step,  but  imple¬ 
menting  it  in  both  steps  is  straightforward,  if  considered 
necessary.  The  finite  difference  equations  for  the  first  and 
second  steps  are  given  below  in  the  matrix  form: 


nn+l/2  _  l,nn  Mn  ,  .  1  At,„n  ) 
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The  subscripts  Ot  I,  F  stand  for  oxygen,  inerts  and  fuel 
(combustibles)  repectively. 
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■  source  term  array 


It  should  be  noted  here  that  subscripts  i,j  (or  full 
subscripts)  refer  to  quantities  at  the  node  of  the  cell 
whereas  i,j  +1/2  (or  half  subscripts)  refer  to  quantities  at 
the  boundaries  of  the  cell. 

The  source  terms  were  calculated  using  an  Arrhenius  mod¬ 
el  for  the  rate  of  reaction  between  the  fuel  (combustibles  in 
the  propellant  gas)  and  oxidant  (oxygen  in  the  atmospheric 
air)  assuming  one  step  reaction  as  follows: 


Fuel  (Combustibles)  +  Oxidant  --->  Inert  Products 
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The  combustibles  in  the  propellant  gas  consist1  mainly 
cf  CO  and  H- .  The  lack  of  information  regarding  reaction 
kinetics  of  mixtures  of  CO  and  H,  together  with  the  desire  to 
simplify  our  first  attempt  in  handling  the  problem  suggested 
the  use  of  the  kinetics  of  some  known  fuel  in  our  calcula¬ 
tions  as  a  first  approximation.  We  chose  CH.  due  to  its  sim¬ 
plicity  and  wide  application  by  several  combustion  research¬ 
ers  at  the  Imperial  College  of  London  University,  London, 
England  and  at  several  American  Universities.  The  rate  of 
consumption  of  the  fuel  (CH.)  given  in  Arrhenius  form  by 
Khalil  et  al.**  is  as  follows*. 


Rfu  *  “mfu  p*  mox  A  exp  C'-E/RT) 


where  Rgu  *  rate  of  reaction  of  fuel 


mfu  r.  mixture  fraction  of  fuel 


mox  a  mixture  fraction  of  oxidant 


A  »  Arrhenius  constant  ■  1019  m’/kg  c  (ref.  39) 


E  >  activation  energy 


R  ■  universal  gas  constant,  E/ft  *  1.84  x  104  k 

(ref.  39) 

T  *  absolute  temperature  K 


The  source  term  in  the  combustibles  conservation  equa¬ 
tion  is  derived  on  the  basis  of  the  above  equation.  The 
source  term  for  the  oxidant  conservation  equation  can  be  de¬ 
rived  from  the  fuel  source  term  and  the  stoichiometric  ratio 
of  oxidant/fuel  (knowing  the  chemical  composition  of  the  fu¬ 
el).  The  source  term  for  the  inert  products  is  found  from 
the  combination  of  the  above  source  terms.  The  source  term 
for  the  energy  equation  is  calculated  from  the  heat  of  com¬ 
bustion  of  the  fuel  and  the  fuel  source  term.  The  heat  of 
combustion  of  CH^  as  used  by  Peck" 9  is  5  x  107  J/kg. 

It  can  be  noted  that  the  effect  of  turbulence  was,  ne¬ 
glected  for  the  time  being  and  ideal  gas  laws  were  assumed  to 
apply  for  all  the  species  and  any  mixtures  thereof.  The 
thermodynamic  constants  required  were  obtained  from  thermody- 


namic  texts  and  their  values  were  also  assumed  to  be  con¬ 
stant,  independent  of  temperature  to  simplify,  as  much  as 
possible,  the  approach  used  in  this  model. 

The  effect  of  using  a  suppressant  in  the  propellant 
charge  is  added  in  the  form  of  a  constant  multiplier  to  the 
Arrhenius  reaction  rate,  as  follows: 


Rfu  «-U.  -  *s)  mfu  P*  «nox  A  exp  (-E/RT) 

where  f  *  constant  depends  on  the  effect  of  suppressant 
8  on  the  reaction  rate 


The  suppressant  constant  might  be  introduced  inside  the 
exponential  term  to  reflect  the  effect  of  suppressents  on  the 
active  temperature  of  the  mixture  as  had  been  followed  in  the 
Carfagno  model.  However,  due  to  lack  of  any  experimental  re¬ 
sults  on  suppressants  to  the  Carl  Gustaf  propellant  charges, 
it  was  decided  to  postpone  use  of  this  constant  for  future 
developments. 

The  occurrence  of  flash  can  be  detected  in  the  code  JET 
if  temperature  history  is  kept  for  some  positions,  along  the 
axis  for  example,  and  a  sudden  rise  in  temperature  is  en¬ 
countered  in  ar.y  of  these  plots. 


Results  and  Discussion 

Four  computational  runs  have  been  carried  out  using  the 
JET_ FLASH  code  for  the  computations  of  the  breech  flow  field. 
The*”  runs  differred  only  in  that  one  parameter  changed  from 
one  run  to  another.  This  parameter  is  the  proportion  of  com¬ 
bustibles  in  the  breech  effluent  and  whether  reaction  is  al¬ 
lowed  or  not  (which  in  some  ways  is  equivalent  to  having  no 
combustibles).  The  first  two  runs  used  5*  and  20*  combust¬ 
ibles  but  the  gases  were  not  allowed  to  react,  which  was  ac¬ 
complished  by  switching  off!  the  reaction  kinetics  in  the 
code.  The  other  two  runs  contained  20  and  50*  of  the  breech 
effluent  as  combustilbles  and  reaction  kinetics  were  switched 
on  to  permit  a  combustible  mixture  in  any  cell  in  the  compu¬ 
tational  field,  if  formed  and  if  the  temperature  of  the  mix¬ 
ture  is  sufficient  for  ignition,  to  burn.  All  runs  used  a  60 
x  90  grid  of  2  cm  x  2  cm  cells  and  were  allowed  to  perform 
computations  over  5  ms  real  time  following  reaching  shot- 
start  pressure  in  the  combustion  chamber. 

Figures  9-11  show  the  numerical  results  of  over-pressure 
versus  time  for  three  positions  in  the  computational  field  of 
the  breech  of  the  Carl  Gustaf  recoilless  rifle.  Figure  12 
provides  a  schematic  drawing  to  indicate  the  three  positions 


with  respect  to  the  Carl  Gustaf  rifle.  In  each  figure  three 
plots  are  given,  one  for  20%  combustibles  with  reaction  kin¬ 
etics  switched  off,  and  the  other  two  plots  are  for  20  and 
50%  combustibles  respectively  with  reaction  kinetics  switched 
on.  The  figures  show  clearly  the  effect  of  implementing  re¬ 
action  kinetics  in  the  numerical  computations  of  the  breech 
nozzle  effluent.  At  the  three  positions,  the  negative  pres¬ 
sure  becomes  less  and  less  as  more  combustibles  are  allowed 
to  burn  in  the  computational  field  and  the  peak  over-pressure 
increases  as  well.  It  should  be  mentioned  here  that  the  re¬ 
sults  of  5%  and  20%  combustibles  that  were  not  allowed  to  ig¬ 
nite  by  switching  off  the  reaction  kinetics,  were  almost 
Identical. 

Figure  13  shows  the  contours  of  pressure  in  the  computa¬ 
tional  field  for  the  three  cases  mentioned  above,  for  the 
previous  figures.  It  can  be  seen  that  the  main  features  of 
the  pressure  contours  did  not  change  appreciably  upon  allow¬ 
ing  the  combustible  mixture  to  ignite  or  increase  in  amount. 
However,  the  details  of  the  contours  vary  from  one  plot  of 
one  run  to  another  and  the  maximum  pressure  experienced  with 
the  50%  combustibles  which  were  able  to  ignite  was  3207.3  kPa 
wheras  the  corresponding  value  for  the  20%  case  was  2978.7 
kPa,  a  difference  of  about  10%.  This  is  expected  due  to  the 
release  of  the  chemical  energy  which  is  added  to  the  sensible 
energy  of  the  mixture  in  the  cell  and  thereby  increases  the 
value  of  pressure  as  it  is  computed  from  the  energy  utilizing 
the  ideal  gas  equation  of  state  but  allowing  for  a  co-volume 
coefficient. 

Figure  14  shows  a  sequence  of  contour  plots  of  the  oxi¬ 
dant  density  at  several  times  following  shot-start  pressure 
for  the  50%  combustibles  case  where  ignition  was  permitted. 
The  figure  shows  the  development  of  the  jet  as  well  as  the 
diffusion  of  oxygen  from  the  ambient  air  into  it.  The  con¬ 
tours  up  to  1.0  ms  indicate  also  the  location  of  the  Mach 
disc?  but,  due  to  the  numerical  diffusion  implemented  in  the 
code  for  stability  reasons,  the  position  of  the  Mach  disc  is 
smeared  over  a  broader  region  in  the  computational  field. 
The  oxidant  contours  become  monotonically  uniform  after  -2.0 
ms  which  indicates  that  the  underexpanded  jet  has  begun  to 
decay.  This  was  confirmed  by  the  fact  that  the  same  shape  of 
contours  was  obtained  for  the  20%  case  with  combustion  per¬ 
mitted  as  with  the  5%  case  where  no  combustion  was  permitted 
in  the  computational  domain. 

Figures  15  and  16  show  similar  contour  plots  for  the 
same  test  case  for  inerts  and  combustibles,  respectively. 
Again,  the  plots  show  the  development  of  the  jet  as  the  in¬ 
erts  and  combustibles  are  added  to  and  depleted  respectively. 
Most  of  the  changes  in  the  shape  and  magnitude  of  the  con¬ 
tours  occurs  in  the  first  2.0  ms.  The  location  and  extent  of 


the  Mach  disc  can  be  identified  in  these  contour  plots  up  to 
2.0  ms  then  diffusion  of  the  species  dominates  the  entire 
computational  field. 

Examining  the  Figures  14-16  and  comparing  the  shape  of 
the  contours  obtained  with  three  of  the  5%  and  20%  combust¬ 
ibles  with  no  reaction  kinetics  and  the  20%  combustibles 
where  reaction  kinetics  was  switched  on,  revealed  the  fact 
that  the  shape  of  the  contours  does  not  change  appreciably 
among  them.  Figure  17  shows  the  contours  of  the  density  of 
oxidant, ,  inerts  and  combustible  at  1  ms  for  the  three  run  5% 
combustibles  with  no  reaction  kinetics,  20%  and  50%  combust¬ 
ibles  with  reaction  kinetics,  as  a  sample  of  the  various  cas¬ 
es.  It  can  be  seen  from  the  figure  that  only  very  specific 
details  that  change  from  one  set  of  contours  to  another 
whereas  the  main  shape  remains  unchanged.  The  difference  in 
the  quantitative  value  for  each  contour  is  understood  due  t,o 
the  variation  in  the  proportion  of  the  combustibles  in  the 
breech  effluent. 

Figure  19  shows  the  contours  of  the  density  of  combust¬ 
ibles  at  5.0  ms  for  the  three  test  cases  indicated  in  Figure 
17.  Figure  18  indicates  that  the  diffusion  of  combustibles 
in  the  flow  where  reaction  kinetics  were  permitted  is  much 
smoother  than  the  case  where  reaction  kinetics  was  switched 
off.  This  is  concluded  from  the  stepping  shape  of  the  con¬ 
tours  for  the  case  where  combustion  was  not  permitted  and  the 
extent  of  the  zero  contour  in  the  computational  field. 

Figure  19  shows  the  contours  of  the  mass  fraction  of  ox¬ 
idant,  inerts  and  combustibles  after  1  ms,  for  the  test  case 
of  5%  combustibles  with  no  reaction  kinetics.  The  figure  in¬ 
dicates  the  smootheness  of  these  fractions  contours j  however, 
they  do  not  reflect  any  important  features  of  themselves  or 
about  the  flow. 


Summary  and  Conclusions 

The  paper  outlines  a  simple  approach  to  includ'  reaction 
kinetics  in  the  computations  of  the  transient  flow  from  the 
84  mm  Carl  Gustaf  recoilless  rifle.  The  approach  includes 
implementing  a  global  reaction  rate  model  of  the  Arrhenius 
type  to  describe  the  rate  of  consumption  of  combustibles  in 
the  computational  field.  Those  species  were  assumed  to  exist 
simultaneously  in  the  cells  of  the  computational  grid.  Sep¬ 
arate  mass  conservation  equations  were  derived  for  each  of 
the  species  with  a  source  term  in  each  of  the  equations.  The 
momentum  equations  do  not  have  a  source  term,  but  the  energy 
equation  contains  a  source  term  due  to  the  energy  released 
upon  ignition  of  the  combustibles.  The  approach  is  two- 
dimensional  axisymmetr ic  in  nature,  except  for  the  reaction 
rate  model,  and  computations  are  performed  for  each  cell  of 
the  computational  field. 
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Results  of  test  runs  using  the  code  which  implemented 
the  above  mentioned  approach,  showed  that  reaction  kinetics 
has  a  considerable  effect  on  the  blast  noise  level  in  the 
computations  of  underexpanded  jets,  such  as  the  one  from  fir¬ 
ing  of  the  Carl  Gustaf  rifle. 

It  should  be  noted  that  several  refinements,  which  can 
be  easily  added  were  not  included  in  producing  the  results 
given  in  this  paper.  These  include  isolating  nitrogen  from 
inerts  as  a  separate  species  which  equation  has  no  source 
term  and  applying  flux-corrected  transport  technique  in  the 
code  to  produce  sharper  shock  fronts  (where  shock  waves  are 
encountered)  in  the  computational  grid. 

The  results  obtained  thus  far  show  that  the  approach 
works  for  what  it  was  desired  to  do,  and  possible  expansion 
should  be  straightforward.  Preciseness  of  the  code  can  be 
improved  by  increasing  the  number  of  species  to  as  many  as  13 
and  to  use  the  13  reactions  initially  used  by  Yousefian  in 
MEFF.  This  would  be  done  while  keeping  the  simple  form  of 
the  species  conservation  equation  and  by  neglecting  turbu¬ 
lence  at  the  present  time.  If  this  is  combined  with  using 
flux-corrected  * -insport  in  the  code,  the  results  are  expect¬ 
ed  to  be  great  1 y  improved;  and  the  versatility  of  JET  will  be 
truly  enhanced, 
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Figure  2.  Yousef ian  flow  model. 


Figure  3.  Predicted  Maximum  Axial  Plane 
Temperature  of  Plume  versus 
Propellant  Type  (Distance 
Measured  From  Normal  Shock). 
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Figure  4.  Carfagno  ignition  limits: 

r  *  0,  all  propellant  gas, 
and  r  =  1.0,  all  air  (note: 
limits  include  100  K  safety 
factor) 


Figure  5.  Carfagno  flow  model 
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figure  7.  Schmidt  Flow  Model 


Figure  8.  Variation  of  Y°  vs .  Y  for  Three 

Different  Values  of  X  ,  the  Amount 
of  Suppressant. 
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figure  13a  Pressure  contours  after  1  ms  for  the  test  run  of  20% 
combustibles  (non-active) 
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rigurel3b  Pressure  contours  after  1  ms  for  the  test  run  of  20% 
combustibles  (active) 
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figure  13c  Pressure  contours  after  1  ms  for  the  run  of  50% 
combustibles  (active) 
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Figure  17c  Contours  of  combustibles  density  at  1.0  ms  for  various  proportions 
of  combustibles  from  the  breech  nozzle  , 
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DETAILED  HIGH  TEMPERATURE  OXIDATION 
CHEMISTRY  OF  THE  ALKALI  METALS 
IN  FLAMES 

M.  Steinberg  and  K.  Schofield 
Quantum  Institute,  UC  Santa  Barbara 


Table  I.  Experimental  flame  matrix  and  characteristics. 
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1.  ONLY  A  FEW  (5-6)  OF  THE  17  POSSIBLE 
REACTIONS  CONTROL  THE  DISTRIBUTION 
BETWEEN  Na,  NaOg,  NaO,  NaOH. 

2.  AT  LOWER  TEMPERATURES  (<2000K)  AND  IN 
MORE  0-  RICH  FLAMES,  SODIUM  IS  MORE 
EXTENSIVELY  IN  ITS  MOLECULAR  FORMS  THAN 
EXPECTED  FROM  Na  +  H20  ALONE. 

3.  NaO-  PLAYS  A  DOMINANT  ROLE  AS  AN 
ALTERNATE  KINETIC  ROUTE  TO  NaOH. 


/ 

J 

4.  ALTHOUGH  MORE  STABLE  THAN  WE  REPORTED 
PREVIOUSLY  (NOW  D(Na-02)  55  kcal  mol“l) 

ITS  CONCENIRATION  IS  LOW  (DUE  TO  ITS 
REACTIVITY)  EXCEPT  IN  02  RICH,  LOWER 
TEMPERATURE  FLAMES. 

5.  NaO  IS  OOUFLED  IN  EQUILIBRIUM  TO  NaOH 

AND  IS  UNIMPORTANT  IN  H-CONTAINING  FLAMES.  - 

6.  RATE  CONSTANTS  ARE  ALL  CONSISTENT  AND  OF 
A  REASONABLE  MAGNITUDE.  THE  LIMITED  DATA 
FOR  Li  +  02  +  M  AND  Li  +  OH  +  M  ALSO 
APPEAR  CONSISTENT  WITH  EXPECTED  DISSOCATION 
RATES. 
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WEAR  HiM-MS 


1.  PUBLISH  REFINED  MODELING  OF  SODIUM  OXIDATION 
CHEMISTRY  —  MOST  SENSITIVE  TO  D(Na-02)  . 

2.  COMPLETE  THE  ANALYSIS  OF  LITHIUM,  ESTABLISH 
D(Li-02)  AND  ITS  KINETIC  ROLE 

3.  MEASURE  THE  CONCENTRATION  PROFILES  OF  K  IN 
THE  10  FLAMES  USING  SATURATED  LIF 
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Abstract 

This  paper  describes  measurements  of  gas  velocities,  gas  temperatures  and 
infrared  absorption  coefficients  of  some  combustion  products  (CO^,  CO,  i^o, 
particles)  along  the  centerline  (]  <  x/d  <  100)  of  the  muzzle  exhaust  flow 
of  a  7.72  mm  rifle.  Ammunition  with  ond  without  chemical  muzzle  flash 
suppressant  have  been  used. 

Introduction 

The  processes  responsible  for  the  muzzle  flash  and  for  its  suppression 
can  only  be  determined  if  sufficient  measuring  results  exist.  This  paper 
relates  to  experiments  which  aimed  at  investigating  the  behaviour  of  the 
particle  phase  occurring  in  the  exhaust  flow  and  its  interaction  with  the 
essential  elements  of  the  combustion  gases  C02  ,  CO  and  H20,  In  particular, 
flow  velocities,  spectral  radiances,  spectral  absorption  coefficients  and  the 
temperatures  in  the  exhaust,  flow  field  were  to  be  measured.  For  this  purpose 
we  shall  limit:  our  investigation  to  the  centerline  tone  0  <  x/d  <  100  during 
the  first  0.5  -  6.0  ms  wh'*n  the  projectile  has  left  the  muzzle.  Some  of  the 
results  obtained  have  been  published  previously  [1,  2]. 

2.  Experiment  el 

The  ammunition  without  suppressant  wsh  German  A/S  300  propellant,  ami  with 
suppressant  we  chose  French  6  BSp  85  of  about  the  same  composition  but  with 
an  alkali  additive  of  0.5  10,  and  0.07*  Na^  SO,  .  Muzzle  velocity  was  about 
8UQ  m/s.  Maximum  pressure  and  temperature  at  the  muzzle  were  60  MPa  and 
1600  K,  respectively.  In  order  to  measure  the  flow  velocity  we  used  the 
interference  laser-Doppler  velocimeter  type  ISL  described  previously  |  3 )  . 
This  set-up  has  been  successfully  tested  in  earlier  measurements  probing  the 
muzzle  exhaust  flow  of  the  7.62  mm  rifle  [4]  and  a  20  mm  gun  [5,  6].  In 
particular  the  measurements  using  the  20  mm  gun  yielded  both  the  axial  and 
lateral  velocity  components  siroul taneovuly ,  so  that  velocity  vector  projec¬ 
tions  could  b<-  obtained. 

The  experimental  set-up  is  shown  in  Fig.  la.  The  slightly  focussed  beam 
of  an  Ar-ion  laser  (1  ■  514.5  mm)  is  transmitted  particularly  through  the 
flow  and  measures  the  light  scattered  by  particles.  The  light,  scattered  under 
45''  is  then  collected  by  a  lens  and  transmitted  to  the  velocimeter  using 
fiber  optics.  The  velocimeter  is  basically  a  pha  se- s  tabil  i  zed  Mi  che  1  soil 
interferometer  of  high  sensitivity  and  luminosity.  The  Doppler  shifted 
scattered  light  is  transformed  into  a  real-time  signal  being  linearly 
proportional  to  the  particle  velocity.  The  time  resolution  is  less  than 
10  ps,  the  spatial  resolution  in  the  x-direction  0.4  mm. 


In  ovdev  to  measure  both  the  gas  and  stolid  phase  spectral  emission  and 
absorption,  t lie  experimental  apparatus  shown  in  Fig.  lb  was  used.  It  consists 
ofc  the  aource,  a  calibrated  globar  and  the  detection  unit.  Tlie  radiant  heam 
from  the  globar  is  focussed,  chopped  for  identification  with  22  kH2  and 
collimated  into  the  flow.  Then  it  is  focussed  on  the  entrance  of  two  InSh 
detectors  by  means  of  a  beamsplitter.  The  wavelength  selection  was  perform¬ 
ed  by  interference  filters.  The  spectral  radiance  l.\  and  the  optical  ti  ana- 
mitt  sure  r\  for  several  wavelengths  X  were  measured  at  selected  wavelengths 
that  corresp.'f.d  to  at  tong  hands  of  relevant  molecules  ( COj  ,  CO,  H^O).  Between 
the  bands  tVtf  <  nnt  i  nmu,  hr.t.kjjToumi  is  due  to  incandescent  particles.  There¬ 
fore,  measotvuwotu  at  the  band  (tee  spectral  region  located  on  X  »  3.8  pm 
gives  information  on  par t i  n>  lates .  All  measurements  were  made  at  several 
locations  between  0.5  and  75  cm  along  the  centerline  of  the  flow. 

From  the  transmittance  t  measured  along  the  right  line  the  optical 
thickness  D  ■  Jin  1  / T  is  obi  allied.  Therefore,  for  exact  determination  of 
absorption  coefficients  k  *  D/Jl  a  test  section  of  an  accurately  known  length 
%  is  needed.  Such  a  measured  distance  of  10  cm  in  length  has  been  realized  by 
guiding  the  measuring  radiation  into  thin  tubes  of  13  mm  outer  diameter 
outside  the  teat  section.  These  tubes  were  closed  by  CaF^  windows  in  the 
direction  towards  the  measuring  path. 


3.  Results 

3 . 1  Solid  phase 

The  wavelength  dependence  of  the  absorption  coefficient  can  be  written 
by  the  formula 

■\u  vV 
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v  being  the  dispersion  exponent. 

Measurements  have  shown  f  2 )  that  v  lies  in  the  near  infrared  region 
between  0.7  and  0.8.  The  absorption  coefficient  ko  measured  for  a  certain 
wavelength  X0  can  thus  be  calculated  for  other  wavelengths  X  as  well.  Small 
deviations  from  this  behaviour  can  be  explained  by  the  fact  that  the  parti¬ 
cles  do  not  only  absorb  the  incident  radiation  but  they  can  also  scatter  it. 
Measuring  results  show  that  a  measured  light  extinction  is  for  8 0?'.-  due  to 
real  absorption  and  20.1  of  it  are  caused  by  light  scattering. 

J.  1.1  Velocity 


Fig.  2  shows  an  equivalent  sequence  of  velocity  recordings  vx(t).  Here, 
the  steep  variations  across  the  shock  disc  are  more  apparent.  The  first 
velocity  i  (>■«  corresponds  to  the  forward  motion  of  the  Bhock  disc  while  the 
velocity  drop  describes  the  backward  motion  of  the  shock.  It  is  interest  i rig 
to  note  that  the  velocity  increases  again  downstream  behind  the  disc  and 
decreases  below  zero  because  of  the  interactions  occurring  in  the  inter¬ 
mediate  flash  region  (2,  5,  fe|. 


The  velocity  measurement s  allow  two  further  statement s . 


1)  If  the  back-running  shock  disc  of  the  cxliaiml.  flow  field  pass es  tin- 
measuring  point  the  shock  disc  profile  ran  he  scanned.  This  yields  I  he 
velocity  ratio  at  both  sides  of  the  shock  disc.  Ji  the  pressure  ratio 
is  also  measured,  It  in  possible  to  determine  the  adiabatic  coeFI  i ••  i<-tti 
k  ■  1.20,  the  temperature  ratio  (max.  2 1  and  the  Mach  number  of  the  shock 
disc  (mas.  1),  under  the  condition  that  the  Kunkine-Hugoniot  rel  al.  fi-nr.  an* 
valid. 

Taking  into  account,  that  the  measured  velocities  ave  related  to  pan  Jr  Inn 
having  a  certain  inertia,  the  shock  front  profile  must  have  a  certain 
width  which  is  a  tueAsuvo  for  the  particle's  relaxation  time.  This  relaxa¬ 
tion  time,  and  result  ini'  from  it,  the  particle  diameter  can  thus  be 
obtained  by  scanning  the  velocilv  profile.  It  is  remarkable  to  note  that, 
the  relaxation  times  measured  during  2  ms  decreased  from  about  4.5  ps  to 
20  ps  corresponding  to  a  decrease  of  particle  size  from  1.3  pm  tc  0.5  pm 
[2).  This  effect  was  independent,  of  alkali  salt  additives  in  the  prupel- 
lant  charge. 

2)  Another  result  can  be  obtained  from  an  integration  of  the  measured 
velocity  values.  This  yields  projectile  trajectories  iri  a  x-t -diagram. 
Fig.  3  shows  the  result  when  ammunition  containing  alkali  salt  additives 
is  used.  Several  particle  trajectories  a  -  h  sre  indicated;  the  hatched 
zone  representing  the  intermediate  flash. 

3.2  Measurements  of  emission  and  absorption 
J>'.  S.  1  Emission 

Taking  into  account  emission/abaorption  recordings  of  rounds  made  with 
propellants  with  and  without  suppressant  (Fig.  4)  we  see  that,  for  x  ■  7.5  cm 
and  X  »  4.3  pm  (CO,)  the  second  emission  peak  of  the  propellant  with  suppres¬ 
sant  is  only  sligthly  lower  than  that  of  the  propellant  without  suppressant. 
The  emission  of  the  flow  species  is  shown  in  the  lower  curve  whereas  the 
transmittance  is  given  by  the  distance  of  the  two  curves  at  any  time  divided 
by  the  distance  at  t  *  0.  Without  suppressant.,  it  seems,  however,  that  a 
strong  emission  takes  place  at  about  1.3  ma  which  is  totally  lacking  in  the 
propellant  with  suppressant.  Here,  the  emission  decreases  slowly  and  after 
3.0  ms  nothing  can  he  seen  anymore. 

At  the  point  x  »  15  cm  the  phenomena  are  comparable  to  those  described 
above.  For  X  *  4.3  pm  the  emission  is  again  much  stronger  than  for  3.8  pm,  it 
even  increases  considerably  between  2.0  and  3.0  ms,  whereas  for  3.8  pm  the 
maximum  is  already  reached  at  l.h  tns . 

Fig.  5  shows  i  aeries  of  emission/ absorption  recordings  the  length  of 
the  measuring  path  being  exactly  10  cm.  Measuring  wavelength  was  4.3  pm  (CO, 
vibrational  band).  Qualitatively,  the  recordings  are  identical  with  that  on 
fig.  4,  With  the  rounds  without  suppressant  the  emission  begins  in  about,  the 
same  way  as  in  the  rounds  with  suppressant.  At  s  certain  moment,  both  reach  a 
maximum  which,  in  the  experiments  without  suppressant,  increases  in  height 
proportional  to  the  distance  *x.  Without  suppressant,  however,  the  emission 
increases  strongly  at  a  given  moment,  when  the  emission  with  suppressant 
already  decreases.  Only  after  some?  ms  it  decreases  again.  Due  to  strong 
turbulence  the  emissions  ot  course  show  strong  fluctuations. 
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After  calibrating  the  measured  emission  signals  can  he  transformed  into 
valuer  of  radiance.  If  the  emission  curves  of  a  number  of  wavelengths  <11  iri 
this  esse)  are  combined,  emission  spectra  for  well-defined  times  and  hva- 
tloni  esn  he  determined.  Fig.  6  shows  two  such  IR-upectr*.  They  are  relating 
to  gas  packages  moving  along  two  trajectories  a  and  g  (from  fig.  3)  on  the 
flow  axis,  with  x  as  parameter.  The  wavelengths  showing  the  strongest, 
emission  are  at  2.7  pm  ( CO^  ,  H^O)  and  4,3  pm  (CO/1.  At  3.8  pm  there  is  a 
minimum  which  cannot  be  attributed  to  any  molecule  '  d,  hut  corresponds  to  a 
continuum  treated  bv  particles. 

3.2*2  r.y tur*<  »<•■/>?< / 

The  recorded  emission  and  ubv'.ipi ion  signals  can  be  used  to  determine  the 
temperature.  It  must,  however,  be  taken  into  account  that  the  considered  flow 
field  is  not  homogeneous.  Three  diflerent  method*  were  used: 

The  first,  method  la  based  on  averaging  over  the  whole  diameter  of  the  flow. 
The  radiance  or  the  black  body  temperature  S\  integrated  over  th«  diameter, 
as  well  as  the  transmittance  x  along  the  diameter,  are  measured.  Then, 
temperature  can  be  calculated  from  the  well  known  formula 

-  ■  +  —  )ln  <  1  -  t)  c>  la  a  constant.  (2) 

T  c2 

It  is  represented  in  Fig.  7  for  two  measuring  point*  (x  *  7.5  cm  and  x  ■  15 
cm)  using  several  wavelengths  V  versus  time.  As  esn  bv  easily  seen  the 
measuring  results  are  identical  for  several  wavelengths  except  for  \»  58^  run. 
The  wavelength  \  •  58V  nm  (resonance  line  of  Na)  leads  to  temperatures  that 
are  not  only  considerably  higher  than  the  values  obtained  with  the  other 
wavelengths,  but  they  also  do  not  follow  their  time  curve,  This  behaviour 
has  also  been  found  by  other  authors.  It  can  be  assumed  that  it  is  based  on 
non-equilibrium  excitation  of  Na-stoms  (7]. 

Measuring  N’a-  or  K- reversal  temperatures  in  reacting  gases  as  they  occur 
in  the  muzzle  flash  therefore  yields  inexact  results.  Better  results  can  be 
obtained  for  temperat urea  measured  with  the  other  wavelengths.  For  ammuni¬ 
tion  containing  alkali  additive  a  temperature  maximum  of  about  1600  K  takes 
place  at  x  •  1 5  cm  and  t  ■  0.6  ms,  as  can  be  vlevied  on  fig.  7. 

The  second  method  was  only  used  in  few  cases.  It  is  based  on  measurements 
of  the  lateral  distribution  of  radiance  and  optical  thickness  and  achieves  a 
radial  temperature  distribution  by  numerical  integral  transformation, 
described  in  |2j  arid  (7). 

The  third  method  is  again  an  integral  method  like  the  firat  one,  however, 
it  does  not  use  the  whole  diameter  of  the  flow,  but  only  a  aection  of  10  cm. 
The  results  for  rounds  with  and  without  suppressant  (dashed  curves)  were 
obtained  at  the  wavelengths  \  •  4,3  pm,  \  ■  4.6  pm  and  1  *  2.5  pm  end  are 
drawn  for  different  iteaseting  points  in  fig.  it.  Due  to  the  high  turbulence  of 
the  flow  the  measured  values  shoved  great  dispersion,  especially  when  no 
suppressant  whs-  used. 

Thus,  it  was  not  possible  to  find  different  behaviour  with  and  without 
■uppressant  at  the  temperature  maximum  and  *t  the  locations  x  •  35  cm  and  n 
■  20  cm.  But  at  all  locutions  it  was  evident  that  without  suppressant 
temperature  is  much  longer  on  a  high  level  than  with  suppressant.  Especially 
at  the  locations  x  2  *  30  cm  temperature  maxima  without  suppressant,  are 
significantly  higher,  at  x  •  50  cm  they  reach  their  highest  value  at  a 
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temperature  of  2700  K.  The  difference  at  x  ■  60  cm  is  equally  clearly 
visible.  With  suppressant  more  than  2000  K  and  without,  only  500  K  are 
reached. 


3.2.3  Mewt^rgnvgnj;  of  the  spectra  1_ absorp t  ion  coef f ic lent- a 

From  the  transmi  ttance  measurement*  absorption  coefficient*  k^  for  tin.* 
wavelert.yt h.o  *J,8  pm,  A,  3  pm,  4.6  pm  and  6.3  pm  have  been  determined  which  can 
be  attributed  to  the  particulate  phaan  and  to  COj  ,  CO  and  HjQ~mnliiul.tr 
bands,  renpevtivelv .  However,  the  absorption  coefficients  correspond  I  tip,  to 
the  molecular  bands  only  result  from  suhi  rMM  inn  of  the  background  tnnl  tnuum 
when  the  formula  <11  is  applied.  They  are  indicated  on  the  figure  V  vemua 
time  for  three  measuring  distances  x  and  for  ammunition  with  and  without 
suppressant.  As  can  be  seen  the  values  show  great  dispersion.  This  in  not. 
astonish! rig  taking  into  account  the  strong  turbulence  of  the  flow.  The 
absorption  cost  lie  lent#  of  COj  and  CO  show  quite  similar  behaviour.  For  short- 
distances  ( x  *  20  cm)  we  found  higher  absorption-coefficients  with  suppres¬ 
sants  than  without..  For  greater  diatancea  just  the  contrary  is  true.  In  anv 
case  the  differences  are  only  here  clearly  visible. 

The  relation  between  absorption-coefficients  and  gas  or  particle  density 
has  already  been  set.  up  earlier.  According  to  this  we  have  about 


pCOi/pCO 


l0.2 


*4.3 

*4.6 


(3) 


For  the  absorption-coefficients  obtained  from  the  particle  phase  (Fig.  Vs)  at 
the  shortest  distance  x  ■  lfi  cm  (and  also  present  at  x  ■  20  cm)  just  at  the 
beginning  a  strong  maximum  ia  observed  which  is  followed  by  a  minimum.  The 
minimum  coincides  with  the  temperature  maximum  (t  ■  0.6  ms).  This  indicates 
that  particle  concentration  and  gas  density  are  proportional. 


At  later  moments  and  greatar  distances  we  find  curves  similar  to  4.3  pm 
and  4.6  pm.  That  mean*,  without  suppressant,  higher  absorption-coefficients, 
and  thereby  higher  particle  concentrations  n  are  found.  According  to  earlier 
measurements  the  relation  n  ■  6.9* 10*  ‘k^.g  lew"'*)  is  valid  (2). 

We  thus  have  a  maximum  number  density  of  nmax  ■  2 • 1 0?  •  enT*. 

Fig,  10  allows  a  x-t-diagram  of  the  centerline  region  where  are  drawn  the 
movement  of  the  shock  disc  and  the  lines  for  the  beginning  of  notable 
absorption,  as  well  as  the  lines  for  the  beginning  and  ending  of  the  emis¬ 
sion .  We  differ  between  the  end  of  emission  with  and  without,  suppressant.  In 
addition,  the  beginning  of  the  second  emission  is  shown  for  ammunition 
without  suppressant.  If  no  suppressant  is  used  it  looks  us  if  the  aecoudarv 
flash  is  due  to  propellant  g« se*  having  left,  the  muzzle  after  0.8  -  1,8  ms. 


In  an  early  study  ( 2 1  absorption  measurement s  were  also  made  for  OH- 
rotation  lines  and  K-lines  in  the  spectral  region  at  310  run  in  order  to 
determine  OH  and  K  concentrations,  respectively  .  But  only  at  the  distance 
x  ■  35  cm  notable  quantities  in  the  order  of  magnitude  of  100  -  200  ppm  OH 
covild  be  found,  the  concentration  for  rounds  without:  suppressant  be  ins  a 
little  higher. 


Conclusion* 


].  During  the  passage  of  the  combustion  gases  through  the  shock  disc  and  the 
Intermediate  flash  zone  the  particle  concentration  decreases  relative  to 
the  CO  end  H,0  concentration,  but  th*  decrease  is  especially  strong 
relative  to  CO,  .  This  leads  to  the  conclusion  that  a  particle  pyrolysis 
with  formation  of  CO;  takes  place. 

2.  The  temperatures  measured  at  different  distances  from  the  muzzle  traverse 
a  maximum  which,  of  course,  occurs  later  if  the  distance  is  greater.  VWi 
using  ammunition  without  suppressant  the  maximum  temperature  (T  •  1500  K) 
firstly  decreases  with  longer  distances,  then  it  reaches  Its  lowest  value 
at  about  20  -  25  cm  (T  «  i'iOO).  Afterwards  at  x  ■  50  cm  it  mounts  up  to 
nesrlv  2700  K.  Then  it  decresses  slowly.  In  contrast  to  this  the  ammuni¬ 
tion  with  suppressant  shows  at  the  beginning  the  same  temperature  history, 
but.  then  decreases  much  mora  rapidly  after  having  reached  the  maximum.  At 
x  ■  A0  cm  the  maximum  becomes  lowest  (  1200  K)  but  at  x  ■  50  it.  again 
rises,  but  only  up  to  nearly  2000  K.  Afterwards,  ( x  >  50  cm)  a  rapid 
decrease  follows.  If  the  temperature  change  la  drawn  in  a  x-t  diagram  (as 
isothermal  distributions  Fig.  11  and  Fig.  12)  )  it  can  be  observed  that 
without  suppressant  the  temperature  decrease  after  passing  through  the 
maximum  continues  until  a  distance  of  about  24  cm  (t  ■  0.9  ms),  but  then  a 
new  increase  up  to  x  *  50  cm  (t  ■  2.4  ms)  with  temperatures  of  up  to  2700 
K  occurs  due  to  afterburning.  Then  we  find  a  slow  decrease.  If  ammunition 
with  suppressant  is  used  the  minimum  only  occurs  after  a  distance  of  x  ■ 
40  cm  (t  •  1.8  ms).  Afterwards,  these  is  only  a  relatively  short,  temporal 
temperature  increase  until  about  2000  K,  followed  by  a  very  rapid  de¬ 
crease. 

3.  The  absorption  coefficienta  and  the  partial  densities  of  the  propellant 
gaaea  Inc),  panicles  do  not  vary  much  when  travelling  along  the  center¬ 
line.  The  values  measured  for  different  distances  generally  pass  through  a 
maximum  with  not  very  different  heigth  for  rounds  without  and  with 
suppressant.  The  difference  being  that  with  suppressant  the  density 
decrease  after  the  maximum  occurs  much  more  rapidly. 

For  the  interpretation  of  the  results  we  beet  look  again  at  an  x-t 
diagram(Fig.  13).  For  all  rounds  it  has  been  observed  that  gas  and 
particle  ejection  at  the  muzzle  takes  not  place  in  regular  intervals,  but 
that  in  the  region  between  1  .  5  ms  and  2.0  ms  the  gas  leaves  the  muzzle 
with  a  maximum  absorption  coefficient,  i.e.  maximum  density,  Later  on  this 
density  normally  diminishes  more  and  more.  For  CO;,  however,  we  find  in 
rounds  without  suppressant  at  the  distances  x  >  40  cm  a  new  increase  of 
the  concentration  its  maximum  being  at  x  ■  bO  cm  (t  *  4.5  ms).  Without 
suppressant  this  maximum  is  not  obseived. 

In  the  p.*  r  t  i  >*  l,f  rhiue  the  difference  when  using  suppressant'  consists  in 
the  accalarnt i'/is  of  r;urt'.e;tiiTat.ioti  decrease.  Just  the  same  happens  with  the 
CO,  . 

Summarizing  we  have  to  conclude  that  the  observed  intensity  differences 
in  rounds  with  and  without  alkali  suppressants  can  only  be  attributed  to 
changes  in  temperature.  Significant  changes  of  the  concentration  of  the 
particle  phase  as  well  as  of  the  species  CO,,  CO  and  H,0  as  being  caused  by 
rounds  with  and  without  alkali  suppressant  a  could  not  be  detected  during  t  h*- 
secondary  flash  event. 
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ABSTRACT 


Rat*  constants  hava  baan  datarminad  for  gaa  phasa  raactlona  of  alkali 
•paeias  which  ara  ralavant  to  flam*  auppraaiion  chamistry  by  aodium  and 
potassium  compounds.  Sourcaa  and  datactlon  mathoda  for  gaa  phata  molacular 
alkali  apaclaa  KO,  K02,  Ha,  Na02  and  HaOH  hava  baan  davalopad  and  appliad  to 
klnatlc  atudlaa  of  thaaa  apaclaa  ualng  a  high  tamparatura  faat  flow  raactor. 

Rat*  constants  for  tha  racomblnatlon  raactlona  of  alkali  atoma  with 
molacular  oxygon,  K  +  02  +  M  ♦  K02  +  M  and  Na  +  02  +  M  +  Ha02  +  M,  have  baan 
maaaurad  aa  a  function  of  tamparatura  from  300  to  700  K.  Laaar  induced 
fluoreacenc*  la  uaad  to  monitor  tha  dlaappaaranca  of  Ha  or  K  aa  a  function  of 
02  and  M.  Tha  reaction*  ara  atudlad  in  their  low  praeaura  third  order  limit 
from  1  to  8  torr  total  prasaura  with  H2,  Ha,  and  Ar  aa  third  bodlaa. 

Tha  raactlona  of  HaOH,  Na02  and  HaO  with  HCl  at  300  K  ar*  found  to 
procaad  at  thair  gaa  klnatlc  limit*  to  form  NaCi.  Other  raactlona  atudlaa 
include]  HaOH  +  H  ♦  Ha  +  H20,  NaCi  +  H  ♦  Na  +  HCt  and  both  Ha  and  K  with 
H202  •  Product  analyala  for  the  latter  two  ahowa  that  for  Na  0.6  of  the 
raactlona  form  HaOH  +  OH  with  tha  remainder  forming  HaO  +  H20  with  leas  than 
2  x  10"3  going  to  K0H  +  OH.  An  upper  limit  of  3  x  10“* 5  cm3  a“*  la 
aatabliahad  for  tha  reaction  K  +  H20  *  K0H  +  H  at  1273  K. 

Accurate  atudlaa  of  K0H  and  NaOH  with  H  and  other  radical*  require  a 
direct  detection  method  for  thaaa  apaclaa*  Va  propoaa  the  utilization  of 
tunable  diode  laaar  Infrared  abaorptlon.  Thia  method  haa  wide  applicability 
for  direct  detection  of  a  number  of  molecular  alkali  apaclaa  for  laboratory 
klnatlc  atudlaa  and  for  In  eltu  combustion  flam*  diagnostic*,  possibly 
including  muzzle  flash  simulations.  Theoretical  sensitivity  estimates  ar* 
calculated  for  KOH,  K02,  K0,  HaOH,  Na02,  HaO  and  NaCi  for  both  high 
tampers ture,  atmospheric  pressure  and  low  pressure  flow  tuba  conditions.  A 
direct  measurement  of  KF  In  our  laboratory  shows  the  basic  applicability  of 
tha  method* 


1 .  INTRODUCTION 


The  Mcondary  combustion  of  CO  and  H2  rich  propellant  exhaust  gases 
from  large  caliber  guns  (muzzle  flash)  and  tactical  rockets  (afterburning) 
is  a  basic  combustion  phenomenon  with  seriously  detrimental  characteristics. 
Propellant  formulators  have  long  known  that  these  secondary  combustion 
processes  can  be  suppressed  by  the  addition  of  sodium  and/or  potassium  salts 
to  the  propellant  mix. 

Modeling  of  secondary  combustion  in  both  rocket  and  muzzle  exhauat  flows 
strongly  Indicates  that  this  suppression  takes  place  via  the  scavenging  of 
combustion  radical  chain  carriers  (H,  OH,  HO,,  0)  through  interactions  with 

if  * 

gas  phase  alkali  species.  "  Key  reactions  in  this  scavenging  process 
Include : 


KOH  (NaOH) 

+  H  +  K  (Na)  +  H20 

(1) 

K(Na)  +  02 

+  M  K02  (Na02)  +  M 

(2) 

K02  (Na02) 

+  H  -*■  K(Na)  +  H02 

(3) 

Model  calculations  Indicate  that  reaction  (1)  is  the  major  chain  radical 
scavenging  reaction  operating  under  rocket  exhaust  plume  or  muzzle  flow  field 
conditions*-^  Model  kinetic  sensitivity  studies  also  show  that  reactions  (2)  and 
(3)  are  capable  of  regenerating  flame  radical  species,  thus  countervailing 
reaction  (1)? 

Solid  propellants  which  contain  halogen  components  such  as  ammonium 
perchlorate  also  produce  gaseous  HCl  as  a  major  exhaust  species.  Gaseous  HCl 
can  intervene  in  the  desired  suppression  chemistry  by  promoting  formation  of 
gaseous  alkali  chloride: 

KOH  (NaOH)  +  HCl  ■*  KCl  (NaCl)  +  HjO  (4) 

K02  (Na02)  +  HCl  *  KCl  (NaCl)  +  HOj  (3) 

A  thorough  knowledge  of  the  kinetic  rate  parameters  of  reactions  1-5  is 
required  for  accurate  computer  modeling  of  the  effects  of  alkali  afterburning 


suppression  as  a  function  of  propellAnt  formulation  And  gun  or  rocket  oper¬ 
ating  parameters.  Without  such  models,  propellant  formulators  have  a  difficult 
time  determining  the  proper  trade-off  between  the  desirable  secondary  combustion 
suppression  and  the  undesirable  reduced  primary  combustion  and  enhanced 
corrosion  effects  imparted  by  alkali  salt  propellant  additives. 

The  work  presented  In  this  report  represents  advanced  experimental 
efforts  to  develop  the  capability  to  directly  measure  the  required  gas  phase 
reaction  rate  parameters  for  refractory  molecular  species  such  as  KOH,  NaOH, 

K02  and  NaOg.  Prior  to  this  work,  direct,  gas  phase,  kinetic  measurements 
involving  these  species  were  largely  non-existent. 

In  order  to  perform  these  direct  kinetic  measurements,  two  preliminary 
problems  had  to  be  solved:  first,  reliable  gas  phase  sources  for  the  relevant 
alkali  species  K,  Na,  KOH,  NaOH,  K02  and  NaOj  had  to  be  developed;  second, 
reliable  and  sensitive  ways  to  detect  these  species  also  had  to  be  perfected. 
Only  after  the  successful  development  of  both  generation  and  detection  tech¬ 
niques  for  these  refractory  species  could  specific  reaction  rate  parameters 
be  determined.  Direct  detection  methods  for  KOH,  NaOH,  K02  end  Na02  remain 
unproven,  but  KF  hes  been  directly  monitored  using  tunable  diode  laser 
lnfrered  spectroscopy  end  extension  of  this  technique  to  the  oxide  and 
hydroxide  compounds  appears  to  be  straightf orwerd. 

The  following  sections  of  this  report  will  present  the  development  of 
both  the  gaseous  alkali  sources  end  detection  techniques  as  well  as  the 
results  of  specfflc  reectlon  rate  parameter  measurements. 
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2.  ALKALI  SPECIES  SOURCES  AND  DETECTION  METHODS 


2.1  Development  of  Sources  for  Alkali  Oxide  end  Hydroxide  Species 


Since  the  determination  of  reaction  rate  constants  in  the  laboratory 
depends  on  the  ability  to  create  clean  and  well  defined  sources  of  the 
reactants,  considerable  effort  was  expended  in  the  development  of  sources 
for  K,  Na,  KO^,  Na02,  KOH  and  NaOH  which  are  suitable  for  flow  reactor 
kinetic  studies.  Although  the  alkali  species  K  end  Na  are  relatively 
straight-forward  to  produce  from  vaporisation  of  the  solid,  the  oxide  and 
hydroxide  species  are  not  readily  produced  by  direct  vaporization.  The  low 
vapor  pressures  of  the  solid  alkali  hydroxides  combined  with  their  chemical 
corrosiveness  and  tendency  to  form  dimers  makes  direct  vaporisation  unsuit¬ 
able  as  a  reactant  source.  We  therefore  explored  gas  phase  chemical 
reactions  whereby  the  easily  vaporized  Na  or  K  could  be  converted  quantitlvely 
and  cleanly  into  the  corresponding  oxide  or  hydroxide. 


Na02  and  K02  may  be  formed  by  the  direct  recombination  of  the  alkali 
atom  with  molecular  oxygen 


K  (Na)  +  02  +  M  K02  (NaOj)  +  M  . 


These  reactions  are  relatively  rapid  compared  to  other  three  body  processes 
and  proceed  with  rate  constants  greater  than  10~^  ernes'*1  at  300  K  as  determined 
in  one  of  our  publications  from  this  work.*  They  can  be  used  as  a  clean  source 
of  superoxide  in  flow  reactors  by  prereacting  the  alkali  atom  with  02  in  a 
separate  region  with  higher  02  concentration  to  drive  the  reaction  to  completion 
before  the  products  enter  the  main  flow  tube. 

An  alternative  method  for  Na02  formation  is  the  combination  of  bimolecular 
reactions  of  Na  with  ozone 


Na  +  0, 


NaO  +  0, 


\ 

rd 

L 


i 


NaO  +  03  Na02  +  02 
-*•  Na  +  20„ 


K 

y 

S 


I 


Theaa  reaction*  hava  b««n  studied  racantly  at  Aerodynt^  and  ara  found  to  ba 
rapid  with  kg  »  3.2  x  10’10  cmV*1,  k?  v  10“10  cm3*"1  and  ^74^75^  3. 
Although  soma  Na  ia  initially  raformad  in  Reaction  7b,  the  larger  branching 
‘ratio  for  Na02  formation  in  7a  eventually  dominates  so  that  all  Na  will  be 
converted  to  Na02»  This  blnolecular  source  of  NaOj  may  be  superior  to  the 
(>2  recombination  source  in  experiments  where  the  presence  of  minimal  amounts 
of  02  are  desirable. 

NaOH  may  be  formed  cleanly  and  quantitatively  by  reaction  of  Na  with 
hydrogen  peroxide 


Na  +  H202  NaOH  +  OH 
*  NaO  +  H20 


(8a) 

C8b) 


g 

Our  measurements  of  this  reaction  rate  constant  and  branching  rqtlo  give 
values  k8a  ■  4.2  x  10“11  cm3 a"1  and  k0b  •  a. 7  x  lCf11  ca3a"1.  Although 
Reaction  8  gives  a  mixture  of  NaOH  and  NaO,  a  pure  aource  of  NaOH  may  be 
produced  by  adding  CO.  This  converts  NaO  back  to  Na  via  the  reaction 

NaO  +  CO  ♦  Na  +  C02  (9) 

After  several  cycles  through  Reactions  8  and  9  all  tha  Initial  Na  is  converted 
to  NaOH.  This  source  and  its  application  to  the  reaction  of  NaOH  with  HC2.  is 
described  In  detail  in  Reference  8. 

The  analogous  reaction  for  K  with  H202  was  also  studied  under  this 
program.  In  this  case,  however,  the  channel  forming  KOH  is  considerably  less 
than  the  KO  channel, 


K  +  H202  e.  KOH  +  OH 


(10a) 


KO  +  H20  . 


(10b) 
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Attempts  to  observe  KOH  directly  by  observation  with  tunable  diode  liter 
Absorption  end  indirectly  by  conversion  beck  to  K  with  Atomic  hydrogen,  as 
was  done  successfully  in  the  NeOH  studies,  indiceted  no  detectable  reaction 
for  10a.  Attempts  to  detect  the  OH  product  using  laser  induced  fluorescence 
also  indicated  no  reaction  although  the  analogous  experiment  in  the  Na  case 
under  the  same  experimental  conditions  did  produce  quantitative  amounts  of 
OH  from  reaction  8a.  From  the  ratio  of  our  OH  detection  limit  and  a  quanti¬ 
tative  measure  of  the  initial  K-atom  concentration  we  obtain  an  upper  limit 
to  the  branching  ratio  k10</kl0b  <  2  x  10-3.  Th.  overall  reaction  rate  for 
k,Q  was  determined  frou  the  disappearance  of  K  in  excess  H202  to  be 
^  ■  1  x  i0“ll  cm3g“l  which  is  somewhat  slower  than  the  analogous  Na 

reaction. 

*  * 

2 . 2  Detection  Methods  For  Gas  Phase  Alkali  Species 

Although  atomic  K  and  Na  are  readily  detectable  in  the  gas  phase  using 
laser  induced  fluorescence  (LIF) ,  the  alkali  oxides  and  hydroxides  are  much 
more  difficult  to  detect  sensitively  and  specifically.  Since  detection  of 
these  species,  is  an  important  component  for  laboratory  kinetic  studies  and 
eventually  for  in  situ  detection  in  combustion  and  atmospheric  environments, 
we  have  made  the  development  of  detection  methods  a  major  emphasis  of  this 
program.  These  methods  may  be  divided  into  two  categories!  (1)  chemical 
conversion  of  the  alkali  oxide  or  hydroxide  into  the  readily  detectable  Na  or 
K  atomic  species  and  (2)  direct  spectroscopic  methods  using  high  resolution 
infrared  absorption.  The  chemical  conversion  method  has  been  used  for  NeOH, 
KaOj  and  NaO  in  our  published  studies  from  this  program.® »9  The  direct 
spectroscopic  detection  of  KOH  using  infrared  tunable  diode  laser  absorption 
has  also  been  accomplished  under  this  program  as  described  below.  High 
resolution  Infrared  absorption  shows  particular  promise  for  the  detection  of 
other  alkali  species  and  is  presently  under  further  development  at  Aerodyne 
with  Department  of  Energy  sponsorship.  More  details  on  this  method  and 
sensitivity  estimates  for  both  sodium  end  potassium  compounds  srs  given  in 
Section  3. 
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: 


Detection  of  NaOH  and  NaO  by  chamlcal  conversion  to  Na  la  accoapllshtd  by 
addition  of  axceas  atomic  hydrogan  In  tha  datactlon  ragion  juat  upscraam  of 
tha  LIF  proba: 

NaOH  +  H  -*•  Na  +  H20  (U) 

NaO  +  H  «►  Na  +  OH  (12) 

fi 

Tha  rata  conatant  for  raaction  11  haa  baan  datarminad  in  thia  atudy  to  ba 

kll  >  4  x  IQ”1*  ca*»“*.  Although  H-atom  addition  and  aubaaquant  Na  datactlon 

by  LIF  would  not  dlatlngulah  batvaan  NaOH  and  NaO,  tha  lattar  may  ba  datactad 
indapandantly  by  adding  CO  to  tha  datactlon  ragion  which  convarta  NbO  to  Na 
via  raaction  9.  No  raaction  waa  obaarvad  baewaan  NaOH  and  CO  ao  that 
altarnata  additlona  of  H  and  CO  could  ba  uaad  to  specifically  detect  either 
alkali  apaclaa. 

Tha  main  advantage  of  tha  chemical  convarsion  of  molecular  alkali  species 
to  tha  corresponding  atomic  spades  is  tha  extreme  sensitivity  of  LIF  datactlon 
for  Na  and  K.  Datactlon  limits  of  lass  than  10*  atoms  cm~3  are  achievable  due 
to  tha  high  oscillator  strengths  of  tha  D-llna  transitions. 

2 . 3  Kinetic  Scudica  of  Alkali  Special 

Tha  sources  and  detection  methods  described  above  have  baan  employed  in 
the  study  of  a  number  of  reactions  during  tha  course  of  this  program.  Raaction 
rata  constants  and  product  branching  ratios  have  been  datarminad  using  a  high 
tampers tura  fast  flow  reactor  which  can  operate  over  tha  range  300  to  1300  K. 
Tha  apparatus  and  methods  used  have  baan  described  in  previous 
publications.10 Tha  specific  applications  to  alkali  chemistry  are 
described  in  detail  in  tha  publications  resulting  from  this  work.*”9  The 
reactions  studied  and  tha  measured  rata  constants  era  summarised  in  Table  1. 


Tha  recombination  reactions  of  Na  and  K  with  0^ 
K  (Na)  +  02  +  M  K02  (NaOj)  +  M 


mm 


Tab It  1.  Summary  of  Mea.ured  Reaction  Rate  Constants  for  Alkali  Specie. 


React Ion 


K  +  02  +  N2  K02  +  N2 


K  4  02  +  Ha  •»  K02  +  He 


•K.4  Oj  4  Ar  -*■  K02  +  Ar 


Na  +  0j  4  •*  NaOz  4  N2 

’  '  i  •  1  i  i . 

'  Na.  4  02  4  He  Na02  4  He 


Na  4  02  4  Ar  NaO^  4  Ar 
^  *  —  NaOH  4  OH 


Ne  +  h2o2 


k  +  h2o2 


,NaO  +  H20 


ROH  4  OH 
KO  4  H20 


m. 

302-720 

296-520 

300 

320-700 

310-470 

324 


Rata  Constant 


(5.4  ±  0.2)  x  10"30(T/300)“0,56  *  0,20  cm6."1 


(2.0  ±  0.5)  x  10~30(T/300)’0,9  4  0,5  cm6.-1 


(3.5  ±  1)  x  10" 


(1.2  t  0.3)  x  10" 

(4.1  t  1.8)  x  10* 
(2.8  ±  1.2)  x  10' 

<  2  x  10"14 
(1.0  ±  0.5)  x  10* 


cm6."1 


(1.9  t  0.4)  x  10"30(T/300)“1,1  4  0,5  cm6.*1 


(1.4  i  0.3)  x  10‘30(T/300)“0,9  4  0,5  ca6s“1 


6  -1 
cm  s 


cm3.”1 

cm3."1 


cm3."1 

cm3.*1 


» 

i  S'* 

I 


K  4  H20 

ROH  4  H 

1273 

<  3  x  10“15 

cm3. 

NaOH  4-  H 

•¥ 

Na  4  H20 

300 

>  4  x  10“12 

cm3.' 

NaOH  4  HCi 

NaCl  4  H20 

300 

(2.8  ±  0.9)  x  10"10 

cm3. 

NaO  4  HCI 

NaCi  4  OH 

300 

2.8  x  10"10 

cm3.' 

NaCt  4  H 

Na  4  HCi 

300 

5  x  10’14 

cm3. 

Na02  4  HCi 

•* 

NaCi  4  H02 

300 

(2.3  ±  0.4)  x  10"10 

cm3.' 

s 

f\ 

?: 


v 

I 


£ 

<* 

* 
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hav«  been  studied  over  the  temperature  ranga  300  to  700  K  and  with  M  ■  N2,  Ha 
and  Ar.  Tha  resulting  rata  conatanta  (Tabla  1)  ara  graatar  than  thoaa  daducad 
iron  aarliar  flama  atudlat  of  Carabatta  and  Kaskan12  which  wara  tha  only  onas 
available  for  flame  suppression  modeling  at  tha  beginning  of  this  program. 
Several  other  studies13**15  have  since  confirmed  this  faster  rata  and  it  is  now 
wall  established  chat  these  reactions  ara  sufficiently  rapid  to  be  important 
in  combustion  and  alkali  flame  suppression  chemistry. 

Measurements  of  tha  reaction  of  sodium  hydroxide  with  atomic  hydrogen 
NaOH  +  H  ■*«  Na  +  »20  (1) 

indicate  that  this  reaction  la  rapid  with  a  rata  constant  graatar  than 
4  x  10“12  ca3s"1  at  300  K.  This  la  an  important  result  for  flama  suppression 
modeling  since  this  reaction  is  believed  to  be  the  mein  radical  scavenging 
mechanism  in  alkali-seeded  flames.  Our  result  for  this  rate  constant  is 
considerably  greater  than  that  extrapolated  from  the  flame  data  by  Jensen  and 
Jones  16  who  obtain  a  value  of  1.8  x  10"^  or  g,6  x  jo-13  cm3g-l  g6 

300  K. 

The  rate  constant  for  the  analogous  reaction  of  potassium  hydroxide  with 
atomic  hydrogen 

KOH  +  H  K  +■  H,0  (1) 

♦  2  (-1) 

has  not  yet  been  determined.  Direct  detection  methods  for  both  KOH,  using 

Infrared  diode  laser  absorption,  and  for  H-atoms,  using  resonance  fluorescence 
at  121.6  nm,  can  be  Implemented  on  our  flow  tube.  The  rate  measurement, 
however,  has  been  hindered  by  the  lack  of  a  suitable  source  of  gas  phase  KOH. 
The  reaction  of  K  with  hydrogen  peroxide 

K  +  H202  -  KOH  +  OH  (10a) 

-  KO  +  H20  (10b) 
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was  found  to  yield  mostly  KO  rathtr  than  KOH  with  ^lOa^lOb  <  ^  x  ^  *  Th* 

analogoua  Na  rase t Ion  ylaldad  naarly  6 OX  NaOH.  Tha  othar  sourca  of  KOH  which 
was  triad,  high  tempera  cure  sublimation  of  solid  KOH,  also  proved  unsuitable 
aa  a  flow  tuba  sourca  dua  to  its  highly  corrosive  natura  and  its  tendency  to 
form  KOH  dimers.  A  more  suitable  sourca  of  gas  phase  KOH  needs  to  be  developed 
before  this  reaction  rata  can  be  directly  determined. 

An  attempt  to  determine  tha  rata  of  KOH  +  H  through  measurement  of  tha 
rata  constant  for  tha  reverse  reactions 

K  +  HjO  +  KOH  +  H  (11) 

also  provad  unsuccessful.  In  thla  experiment  the  resonance  fluorescence 
signal  for  atomic  potassium  was  monitored  aa  water  vapor  was  added  to  the 
flow  reactor.  Experiments  at  temperatures  of  973,  1173  and  1273  K  showed 
no  detectable  reaction  which  establishes  an  upper  limit  for  this  rate  constant 
of  k^  <  3.6  x  10"*5  cm^s"1.  In  theory  an  upper  limit  for  k^  may  be 
established  by  combining  k.^  with  tha  thermodynamic  equilibrium  constant 

Keq  "  **1^-1  • 

• 

In  this  case,  combining  our  upper  limit  for  k_j  with  K#jj  implies  only  that 
<  2  x  10”1®  ernes'-*.  A  lower  measurable  limit  for  k_^  or  a  higher 
experimental  temperature  Is  required  to  set  a  more  meaningful  upper  limit 
for  kj.  Attempts  to  extend  the  experimental  temperature  range  to  1500  K, 
however,  were  thwarted  by  the  large  K  background  fluorescence  from  the  hot 
flow  tuba  walls  which  prevented  meaningful  measurements  of  the  decay  rate 
of  K  with  HjO  at  these  temperatures. 

g 

The  reaction  of  gas  phase  NaOH  with  HCi 


was  found  to  procede  essentially  at  lta  gas  klnatic  limit  with  a  rata  constant 

of  2.8  x  10”10  cm^a"*  at  308  K.  This  raaction  could  be  an  important  process 

In  flams  suppression  chemistry  of  fuals  such  as  perchlorates  with  a  high 

halogen  content.  The  reaction  may  also  be  important  in  upper  atmospheric 

chemistry  of  meteor-ablated  sodium  and  was  measured  in  conjunction  with  other 

programs  to  study  the  effects  of  alkali  chemistry  on  stratospheric  ozone. 

8  9 

Ocher  reactions  studied  during  this  program  *  include 

NaO  +  HCl  •*>  NaC  +  OH  (13) 

Na02  +  HCl  *  NaC  +  HOj  (14) 


NaCl  +  H  -v  Na  +  HCl 

which  could  also  participate  in  perchlorate  fuel  flame  suppression  chemistry. 
Both  the  NaO  +  HCl  and  NaOj  +  HCl  reactions  were  found  to  procede  at  their 
gas  kinetic  limits  with  k^  ■  2.8  x  10“*®  cm^a"*  and  kj^  ■  2.3  x  10“*®  crn^s*1 
at  300  K.*9  Since  these  biaolecular  reactions  are  already  in  chair  gas 
kinetic  limits  and  since  they  procede  via  an  electron  jump  mechanism,  no 
large  temperature  dependence  is  expected  and  these  rate  constants  should 
also  be  applicable  to  combustion  temperatures.  The  NaCl  +  H  reaction  is 


much  slower  with  k^j  *  5  x  10“*^  cm^s“*, 


The  successful  measurements  of 


these  reaction  race  constants  vividly  demonstrates  the  versatility  of  the 
fast  flow  reactor  technique  for  further  kinetic  studies  of  alkali  oxide  and 
hydroxide  species. 


3.  TUNABLE  DIODE  USER  DETECTION  OF  CASEOUS  ALKALI  SALTS 
IN  LABORATORY  AND  COMBUSTION  FLOWS 


3.1  Background 

Detection  of  gaseous  alkali  compound*  in  either  a  laboratory  flow 
apparatus  or  a  hot  combustion  stream  is  a  difficult  proposition.  The  criteria 
for  such  a  device  include! 

*  Non- intrusive  but  in  situ 
e  Specificity 
e  Sensitivity,  end 

e  Real-time  detection. 

The  first  criterion  insures  that  the  probe  does  not  Interfere  with  the 
operation  of  the  combustor  or  perturb  the  flow  so  as  to  bias  the  results.  The 
device  must  be  specific  as  to  the  exact  identity  of  the  detected  species  since 
the  downstream  effects  are  dependant  on  the  molecular  structura  or  the 
depoeltad  salt.  Validation  of  combustion  models  also  requires  specificity. 
Sensitivities  of  parts  per  million  are  desirable. 

In  feet,  there  are  very  few  ways  in  which  alkali  molecules  can  be 
detected  under  in  situ  combustion  conditions.  Mass  spectrometry  is  intrusive, 
expensive,  end  is  extremely  difficult  to  calibrate.  Crab  sample  techniques 
severely  perturb  the  composition  end  no  true  measure  of  ges  phase 
concentrations  esn  be  made.  Visible  or  UV  laser  Induced  fluorescence  will  not 
work  because  there  are  no  bound  electronic  states  in  alkali  halides  or 
hydroxides,  and  CARS  (Coherent  Anti-Stokes  Reman  Spectroscopy)  is  too 
difficult  to  set  up  end  not  nearly  sensitive  enough.  Photofragment  emission 
is  non-specific  end  is  extremely  difficult  to  quantify. 

We  believe  Infrared  absorption  is  favored  because  alkali  moleculas  ere 
predicted  to  have  large  absorption  lines trengths,  thus  good  for  detection  with 
a  tunable  diode  laser.  Although  the  vibrational  bend  positions  for  most 
alkali  molecules  ere  generally  known,  the  exact  positions  of  the  rotational 
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lima  in  theta  band*  act  not  known  at  all  (except  for  L1F),  and  thara  have 
been  no  dlract  meaaurementa  of  tha  abaorptlon  linaatrangtha  for  any  alkali 
molecule  publlahad  to  data.  Theae  linaatrangth  poattlona  are  erucial  toward 
tha  davalopmant  of  an  alkali  monitor  which  la  capabla  of  raj acting 
lntarfarancaa  from  unwanted  apaclaa  and  for  providing  abaoluta  concantratlona. 

Tha  primary  objactlva  of  our  work  to  data  waa  to  demonatrate  tha  efficacy 
of  high  raaolutlon  infrared  tunable  diode  laaar  abaorptlon  technlquea  In 
detecting  an  alkali  halide  or  alkali  hydroxide  molacula.  Tha  apaclflc 
technical  queatlona  to  be  atudiad  Included i 

a  Tha  line  poaltlona  of  tha  rovlbrational  tranaltlona  In  tha  band 
of  an  alkali  halide  or  hydroxide 

a  Da  termination  of  tha  linaatrangtha  of  tha  located  tranaltlona 

a  An  aaaaaamant  of  thla  detection  technique  applied  to  combuatlon 

condltione. 

3.2  Experimental  Studlaa 

3.2.1  Tunable  Diode  laaar  Apparatua  and  Methodology 

Tha  lnatrumantatlon  for  a  tunable  diode  laaar  dlagnoatlc  la  ahown  In 
Figure  1.  The  diode  laaar  ltaelf  la  houaed  in  a  temperature-controlled  cloaad 
cycle  refrigerator.  Thla  ayatem  la  a  commercial  ayatem  from  Spectra-Phyalca 
(Laaar  Analytlca  Dlvlalon).  An  off-axla  paraboloidal  reflector  la  uaad  to 
collect  and  collimate  tha  multimode  later  emlaalon.  Thla  emiaalon  la 
mechanically  chopped  and  rafocuaad  at  tha  entrance  allt  of  a  0.23  meter 
monochromator,  equipped  with  a  30  groove/ma  grating  blazed  for  23  vm.  Tha 
tingle  laaar  mode  aalected  by  tha  monochromator  la  than  tranemltted  by 
additional  reflective  optica  through  the  multl-paaa  analyaia  region  and 
ultimately  to  a  cryogenlcally  cooled  Infrared  detector.  A  fraction  of  the 
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Figure  1.  Typical  Setup  Cor  1R  Diode  Absorption  Experiments 


later  beam  intensity  la  spilt  off  prior  to  entering  the  analysis  region  and  is 
focused  on  a  second  detector.  This  duel  beam  (analysis  beam  end  reference 
been)  arrangement  permits  the  direct  measurement  of  fractional  absorption  In 
the  enelyala  region  aa  the  laser  is  tuned  across  a  molecular  absorption 
feature.  The  amplified  signals  from  the  detectors  are  fed  to  lock-in 
amplifiers  for  synchronous  measurement.  The  lock-in  amplifier  outputs  are 
digitised  with  a  simultaneous  sample  and  hold  A/D  system  and  the  data  are 
transferred  to  a  microcomputer  (IBM  Personal  Computer  XT,  DMA  interface)  for 
ratlolng,  analysis,  and  graphical  display. 

The  multipass  cell  Is  a  White  cell17  of  Aerodyne's  manufacture.  This 
type  of  cell,  which  has  been  used  In  a  number  of  previous  experiments  at 
Aerodyne,  easily  allows  as  many  as  100  or  more  optical  passes  through  the 
analysis  region.  A  practical  limit  to  the  useful  number  of  passes  is  set  by 
mirror  reflectivity  losses  which  ultimately  reduce  signal- to-noiss.  Our 
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previous  experience  suggests  the t  40  passes  is  optimum.  For  the  approximately 
10  cn  flow  width  of  the  flowtube  exhaust  stream!  tha  total  multiple  pass  path 
langth  (40  passes)  is  approximately  4  me  tars. 

High  resolution  tuning  (laser  llnevidth  ■  10“  H  cm**1)  of  the  laser 
wavelength  Is  accomplished  by  variation  of  the  laser  current.  A  typical  laser 
mode  of  the  recently  Introduced  stripe  geometry  diode  lasers  has  a  current 
tuning  range  of  *2  cm Atmospheric  pressure  sbsorption  lines  have 
llnewldths  (full  width  at  half  maximum)  of  approximately  0.1  cm"1.  Thus  the 
laser  will  easily  tuna  across  the  full  width  of  these  broad  absorption  lines 
with  complete  resolution  of  the  absorption  profile.  Wavelength  calibration  of 
the  lasers  is  accomplished  by  measurement  of  the  low  pressure  absorption 
spectrum  of  a  well-characterized  calibration  gas.  For  measurements  in  the  3S0 
to  430  cm*1  region!  where  many  of  the  molecular  alkali  species  have  absorption 
bands,  the  CSj  v2  band  provides  e  rich  source  of  calibration  lines,18 

i 

3.2.2  Production  of  Gas  Phase  Alkali  Conpounda 

Gas  phase  alkali  spades  were  produced  at  room  temperature  in  a  low 
pressure  flow  tube  (P  ■  2  torr)  by  heating  a  crucible  filled  with  the  alkali 
metals  (100-200*0),  entraining  the  gas  phase  alkali  in  a  flow  of  helium,  and 
reacting  the  metal  with  various  reagents  near  the  detection  zone.  Various 
alkali  compounds  were  produced  in  the  following  sequences! 

KF 

K  +  F,  ♦  KF  +  F  (1)  \ 


MaOH 

Ha  +  H202  +  NaOH  +  OH 
KOH 

K  +  NjO  ♦  KO  +  N2 


(2) 

(3a) 
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(3b) 


KO  +  CH4  ♦  KOH  +  CH3 

Th«  rat*  constant  snd  products  for  Reaction  2  haa  been  measured  In  our 
laboratory*  as  producing  a  60X  yield.  The  equivalent  reaction  for  potassium 
haa  also  been  shown  In  the  same  study  not  to  produce  KOH,  a  result  that  is  not 
fully  understood.  The  sequence  in  Eqs.  (3a)  and  (3b)  is  expected  to  be 
reasonably  efficient)  the  sodium  analog  of  Eq.  (3a)  la  reasonably  fast  (8  x 
10"13  cm"*  e**1  molecule”1).  Methane  la  expectad  to  react  with  KO  to  produce 
KOH  with  a  high  yield.  Agar  and  Howard19  report  that  hydrogen  react*  with 
HaOt 


Na  +  H2  ♦  NaOH  +  H  k  ■  2.6  x  lo"11  cm3  raola"1  s"1  (4a) 

♦  Na  +  HjO  k  ■  1  x  10"**  cm3  mol*"*  a"*  (4b) 

to  produce  NaOH  with  high  yield.  Ua  triad  using  hydrogen  to  make  KOH  but 
discovered  that  most  of  the  KO  was  being  convartad  back  into  K,  probably  due 
to 

KOH  +  H  +  M  ♦  K  +  HjO  +  H  ,  (3) 

a  reaction  that  becomes  efficient  at  the  high  concentrations  used  in  this 
experiment.  The  choice  of  mathana  was  based  on  the  unlikelihood  of  free 
methyl  radicals  attacking  KOH  to  produce  methanol. 

The  preaence  of  vapor  phase  alkali  metal  was  monitored  using  laser 
Induced  fluorescence  at  the  3890  A  transition  in  sodium  and  4044  A  transition 
In  potassium.  Reagents  were  added  (fluorine,  hydrogen  peroxide,  and  nitrous 
oxide)  until  the  fluorescence  was  extinqulahed  indicating  that  all  the  alkali 
metal  had  reacted.  In  the  case  of  KOH,  a  large  excess  of  methane  was  added 
('3  x  1014  cm**3),  if  the  chemistry  presented  in  Eqs.  (1)  -  (4)  was  correct, 
the  expected  yield  of  alkali  compound  was  *10 13  cm”3.  Unfortunately,  it  was 
clear  that  the  simple  mechanisms  that  applied  to  low  concentrations  in 
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previous  flow  tub*  experiments  war*  too  11ml tad  to  explain  th*  chemistry  In 
our  experiment,  Large  quantities  of  chemiluminescence  could  be  usually  seen, 
indicating  that  Important  secondary  chemistry  was  taking  place.  Th* 
significance  of  this  fact  will  be  discussed  In  th*  next  section. 

3.2.3  Results 
KF 

KF  was  chosen  as  the  first  species  to  be  detected  since  its  vibrational 
overtone  spectrum  had  been  detected  using  a  tunable  diode  laser  In  the  408— 
433  cm**1  region.30  Using  second  derivative  techniques,  regions  of  the 
spectrum  were  scanned  using  a  liquid  nitrogen  cooled  HgCdT*  detector.  Each 
scan  covered  a  range  at  least  twlca  that  of  the  r  tational  constant  to  assure 
observation  of  a  rotational  line.  A  typical  spectrum  is  shown  in  Figure  2. 
The  upper  curve  shows  the  absorption  apectrum  cf  carbon  disulfide  which 
provides  a  calibration  for  the  laser  diode.  Th*  inset  is  a  second  derivative 
spectrum  in  the  presence  of  KF.  The  rovlbratlonal  line  at  408.073  cm**1 
produced  approxlme tely  a  1.32  absorption,  much  lass  than  expected.  Using  a 
calculated  absorption  strength  as  described  in  Subsection  3.4,  v*  calculate 
that  the  concentration  of  KF  in  our  detection  path  was  no  more  than 
3  x  10 10  cm**13,  three  orders  of  magnitude  less  than  we  had  initially 
anticipated.  The  spectrum  shown  in  Figure  2  represents  the  first  unambiguous 
detection  of  a  vapor  phase  alkali  halide  or  hydroxide  using  a  fundamental 
vibrational  transition. 

NaOU .  KOH 

The  detection  of  these  molecules  was  hampered  by  two  factors,  Th*  first 
was  the  lower  than  expected  production  rates  as  evidenced  by  th*  KF 
observations.  Th*  second  was  the  uncertainty  in  the  line  positions  of  th* 
vibrational  bands,  experimental  observations  of  which  are  tainted  by  th* 
presence  of  dimers.  In  the  case  of  NaOH ,  Splnar  and  Margrave  heated  powdered 
NaOH  in  an  absorption  cell  and  using  a  broad  band  light  source,  observed  a 
feature  at  437  *10  cm”*,21  Acquietn  and  Abramowitz32  performed  similar 
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Figure  2.  Diode  Laser  Sean  of  KF  Fundamental  P-Branch  Line 


measurement!  In  argon  matrices.  They  assigned  strong  absorption  bands  at  431 
cm**1  to  the  NaOH  \>±  band.  On  the  other  hand,  one  expects  the  NaOH  V}  band  to 
be  quite  similar  to  those  found  for  the  isoelec tronic  and  isobar lc  NaF  whose 
gas  phase  band  center  Is  at  329.2  cm**1.  Absorption  spectra  were  taken  at 
376,  378,  407.5  424,  448,  477,  and  497  cm"1,  the  entire  range  of  the  diode. 

Mo  feature  assignable  to  NaOH  could  be  detected. 

Similar  problems  are  presented  for  K0H  as  well.  Spinsr  and  Margrave 
quote  a  value  of  408  cm"1  for  K0H,21  while  a  matrix  Isolation  study  of 
Belyaeva,  et  al2 3  quotes  the  same  value,  a  surprising  result  given  an  expected 
statrlx  ahlft  of  20  to  50  cm"1.  Laser  scans  at  396  and  424  cm"1  in  the  present 
experiment  produced  no  observable  features  at  a  sensitivity  of  0.51 
absorption* 
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The  lack  of  observable  NaOH  and  KOH  apactra  la  explained  by  newly 
publlahad  and  extremely  accurate  calculation*  by  Bauaehlicher,  at  al.24 
Thaaa  ab  Initio  configuration  Interaction  calculation*  give  bond  dlatances  and 
bond  atrength*  for  the  alkali  and  alkaline  earth  hydroxides  and  fluorldea 
which  agree  very  closely  with  experimental  evidence  and  can  thu*  be  deemed 
very  accurate.  They  fix  the  fundamental  frequencies  of  NaOH  and  KOH  at  579 
and  467  cm*1  respectively,  much  higher  than  the  previouely  reported  value* 
which  we  had  used  to  base  our  search.  They  conclude  that  the  NaOH  band 
experimental  observations  must  be  ascribed  to  dimers  or  polymers  and  predict 
that  the  accuracy  of  their  calculations  is  no  worue  than  30  cm*1. 
Unfortunately,  the  funds  for  this  project  were  expended  before  new  studies 
could  begin  :o  corroborate  these  exciting  new  results. 

3 • 3  Estimated  Detection  Sensitivities  for  Combuatlon  Applications 

The  sensitivity  for  detection  of  a  given  species  by  tunable  diode  laser 
absorption  depends  essentially  on  two  factors:  the  minimum  fractional 
absorption  meaaurabla  by  the  instrumentation,  and  molecular  paramaters  which 
detarmlne  the  absorption  strength  corresponding  to  a  given  species 
concentration.  Ve  briefly  examine  these  Issues  in  this  subsection  and  provide 
estimates  for  the  detection  sensitivities  for  several  molecular  alkali 
species. 

Tunable  diode  laser  systems  are  capable  of  very  high  sensitivity  for 
measurement  of  small  fractional  absorptions.  This  high  sensitivity  derives 
from  the  brightness  of  the  laser  (typically  0.01-0.1  mW  single  mode  source 
power),  high  detectivity  of  the  cryogenically  cooled  detectors  (D*  >  10 10  cm 
HZ0.3  vr1),  and  exceptionally  low  amplitude  noise  of  the  lasers  (often 
detector-limited).  In  our  experienca,  fractional  absorptions  as  low  as  0.012 
can  be  detected  routinely  with  these  lasers  for  low  pressure  absorption  lines, 
and  detection  of  0.001Z  absorption  has  been  reported  (e.g.,  Ref.  20)  even  for 
lines  at  atmospheric  pressure.  Detection  of  these  broad  lines  (0.1  cm”1)  is 
nonetheless  more  difficult  than  measurement  of  low  pressure  lines,  because 
substantial  variation  of  the  laser  baseline  intensity  normally  occurs  over  the 
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absorption  linevidth  and  accurate  measurement  of  this  alow  variation  la 
difficult  avan  with  a  dual-beam  system,  in  addition,  turbulence  in  the 
combustion  stream  imposes  an  additional  noise  source  on  the  probe  beam  and  may 
result  In  degraded  sensitivity.  In  consideration  of  those  factors,  we  adopt 
O.lt  fractional  absorption  as  «  conservative  as  tide te  of  the  detection 
sensitivity  of  the  instrumentation  for  measurement  of  pressure-broadened  lines 
in  the  combustor  exhaust  stream.  Ve  emphasise,  however,  that  an  improvement 
by  1  to  2  orders  of  magnitude  in  this  sensitivity  may  be  possible. 

The  absorption  strength  for  molecular  absorption  lines  may  be  calculated 
if  the  vibrational  band  strength  (the  Integrated  absorption  strength  of  the 
band)  is  known.  In  general,  this  parameter  ,1s  not  known  for  the  alkali 
species,  however  estimates  are  possible  based  on  sinipla  models  of  the  bonding 
in  these  molecules,  The  parameter  of  Internet  is  the  dipole  moment  derivative 
along  the  bond  axis,  evaluated  at  the  equilibrium  atomic  separation.  The 
vibrational  band  strength,  in  unite  of  cm”2  (STP  atm)"1  ie  then25 


where  Mr  is  the  reduced  mess  In  a.m.u,  and  (du/dR)R>  1»  the  dipole 
moment  derivative  in  dabye  A~l. 

The  elmple  model  which  we  adopt  to  describe  bonding  in  the  alkali 
halldas,  hydroxides,  and  monoxides  is  the  "Rimer  Model. "2S  In  this  model, 
the  molecule  is  pictured  as  being  constituted  of  a  positive  end  negative  ion, 
each  of  which  is  polarised  by  the  electrostatic  field  of  the  other. 
Expracsions  for  the  dipole  moment  and  dipole  moment  derivative  may  then  be 
derived  on  the  baela  of  classical  theory,  depending  only  on  the  ion 
polarlsabilltlce.  For  the  dipole  moment  derivative,  the  resulting  expression 
ie2* 
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I* 


(7) 


v-t  ■ 

where  e  (4.8  debyi  A**1)  ii  the  electronic  charge.  Eqe.  (6)  end  (7)  tney  then 
be  ueed  ea  e  baala  for  eatineting  the  band  atrengtha. 

The  ea time  ted  band  atrengtha  for  aaveral  molecular  alkali  epeciea  are 
given  In  Table  2.  For  the  alkali  halidea,  accurate  experimental  veluea  ere 
available  for  Rg  and  the  dipole  moment,  w.  Theae  valuea  are  uaed  in  Eq.  (7) 
whenever  poaslble.  To  our  knowledge  only  one  direct  cooper iaon  to  an 
experimental  value  for  the  dipole  moment  derivative  la  available  for  the 
apeclea  in  our  table,  i,e.,  for  L17.  For  LiF,  the  meaaured  derivative  (and 
therefore  the  band  atrength)  are  actually  larger  than  the  valuea  predicted  by 
the  altnple  theory.  Intereatlngly,  a  ouch  more  rigoroua  quantum  mechanical 
calculation  of  the  dipole  moment  derivative  for  LiF27  producaa  much  poorer 
agreement  with  the  experimental  value  than  doea  the  almple  Rltjtner  model. 

The  band  atrengtha  for  theae  apeclea  aa  ea time  ted  in  Table  2  are  quite 
atrong,  although  not  out  of  line  with  tha  vibrational  band  atrengtha  for  more 
familiar  apeclaa.  For  example,  the  meaaured  valuea  of  S^nd  for  °0  *nd  °°2 
(aaymmetric  atretch)  are  25^  cm"2  (STP  atm)"1  28  and  2680  cm”2  (STP  atm)”1,29 
reapectlvely.  Experimental  evidence  that  theae  alkali  apeclea  can  be  meaaured 
by  Infrared  abaorptlon  in  the  gaa  phaae  cornea  from  the  recent  diode  laaer 
neaaurementa  of  Makl  and  Lovaa.20  Makl  and  Lovea  had  little  difficulty  In 
meaauring  the  flrat  overtone  apectrua  of  gaa  phaae  KF  with  a  tunable  diode 
laaer20  over  a  36  cm  path  length.  The  KF  fundamental  band  indicated  in  Table 
2  ahould  be  aubatantially  atronger  than  the  overtone  banda  which  Makl  and 
Lovaa  meaaured.  Meaauremanta  of  thla  fundamental  tranaitlon  were  performed, 
for  the  flrat  time,  in  our  laboratory. 
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Table  2  -  Estimated  Dipole  Moment  Derivatives  (Rlttner  Modal)  and  Infrarad 
Vibrational  Band  Strangtha  for  Salaetad  Alkali  Halida,  Hydroxlda, 
and  Monoxide  Species* 


vfl  (cm"1)  R#  (A)  vig(dabya) 


Spaelaa 


Band 

(cm"2  STP  atm"1 ) 


894.0 


328.4 


Ha39 Cl  361.1 


57924 


1.3639 


1.9239 

2.3609 


421. 39320  2.1713  8.3383 


K39C1  277.3 


2,6668  10.2384 

2,2113”  7.7  d 


*Unlaaa  otharwlaa  lndlcatad,  axparlmantal  valuaa  for  v0  ■  wa-2w#x#, 

Ra,  and  Uji  abatractad  from  tha  summary  of  data  givan  in  Brumar  and 
Karplua.37 

b  Obtained  from  axparlmantal  maaauramant  of  tha  v  *  1  radiative  lifetime 
for  ®L1F  ualng  an  electric-resonance  molacular  baao  technique.  1 

c  M-OH  bond* 

d  Calculatad  dipole  momanta  obtalnad  from  tha  Rlttner  modal.32  For  moat 
alkali  halldaa,  tha  Rlttner  modal  undarpradleta  tha  dlpola  momant  (aa 
compared  with  axparlmantal  valuaa)  by  3%  to  13%, 3 3 

*  Ea time  tad  aa  tha  point  charge  dlpola  momant,  UpC  ■  eR#,  Tha 

tendency  of  thla  modal  la  to  ovcrpredict  tha  dlpola  momant  for  tha  alkali 
halldaa  by  20%  to  30%. 30 


From  the  eatlmated  band  atrengtha,  the  abaorptlon  croaa  aactlon  at  line 
eantar  of  individual  llnea  can  ba  obtained,  and  aatlmataa  of  the  detection 
aenaitivity  follow  directly.  The  line  atrangth  (cm2  molecule"1  cm"1)  for 
theae  aimpla  diatomic  and  linear  trlatomlc  molaculaa,  at  temperature  T  la 

Sj .  !|*  „  .  ,'u»h'/kI)  iff  <jJ+l).-w<J+1),"/kT  ,  ») 

0  0 

I 

where  J  la  the  rotational  quantum  number  of  the  lower  level  In  the  tranaltlon, 
B  la  the  rotational  conatant,  N0  la  Loachmidt' a  number  (2,69  x  1019 
molaculaa  cm"5 ) ,  and  vj  la  the  frequency  of  the  particular  P  or  R  branch 
line  originating  from  J.  The  line  canter  abaorptlon  croaa  aactlon  for  an 
atmoapherlc  preaaure-broadanad  line  can  be  eatlmated  aa 


j  2 

°o  *  TTi  cn  mol,cul*  »  (4) 

where  0.1  cm"1  la  the  approximate  Unewldth  at  atmoapherlc  praaaure.  Finally, 
the  minimum  detectable  concentration  n^  (cm"9)  may  be  eatlmated  from 


(r> 

o  min 


“»i,  V  ■  °-001 


(3) 


or 


.  0.001 

nmln  466  a 

0 


(6) 


where  we  eeaume  an  abaorptlon  path  langth  1  of  400  cm  and  a  minimum  detectable 
fractional  abaorptlon  of  0.1%.  At  elevatad  temperaturea,  excited  vibrational 
lavela  (v  >  0)  become  aignlflcantly  populated  in  many  caaea,  which  meana  that 
“min  ahould  be  replaced  In  Eqa.  (5)  and  (6)  with  (ni0W,r-nUpp#r)mln. ' 
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These  populetion  differences  can  be  calculated  from  thermal  Boltzmann 
distributions  and  related  to  the  total  number  density  of  the  species.  The 
overall  effect  of  this  is  to  degrade  the  minimum  detectable  concentration. 

Tha  estimated  line  center  absorption  cross  sections  and  minimum 
detectable  concentrations  (including  vibrational  partitioning)  for  several 
molecular  alkali  species  at  T  •  1200  K  are  given  in  Table  3,  baaed  on 
Eqs.  (3)  through  (6)  and  the  band  strength  estimates  of  Table  2,  In  addition, 
we  Include  estimates  for  KOj  and  NaOj  detection  in  the  400  cm*1  region, 
assuming  similar  band  strengths  as  tha  corresponding  monoxide  species. 
Potassium  chloride  la  not  Included  in  tha  table  because  the  vibrational 
frequency  for  KC1  (m278  cm*1)  is  outside  the  wavelength  range  of  commercial 
diode  lasers. 

The  strongest  ZR-actlve  bends  of  the  alkali  sulfate  species,  measured  in 

argon  or  nitrogen  matrices,  ere  in  the  1100  cm*1  region. 53  Measurement  of 

« 

these  latter  two  apeclea  may  be  more  difficult,  however,  because  virtually 
nothing  la  known  about  the  spectroscopy  and  also  the  vibrational  bands  are 
likely  to  be  weak  compared  with  the  bands  of  smaller  molecules. 


Table  3  -  Is  time  ted  Line  Canter  Absorption  Cross  Sections  and  Minimum 
Detectable  Concentrations  at  T  »  1200  K,  p  *  1  atm,  for 
Tunable  Diode  Laser  Measurement  of  Molecular  Alkali  Species 
(Multiple  Pass  Path  Length  ■  400  cm,  (4I/l)min  -  0.1%) 


Species 

a  (cm2  molecule*1) 

0 

Detectable  Concentration,  cm*3 

NaOH 

3.3  x  10“}* 

2.4  x  10}J  (3,9  ppm) 

NaCl 

1.1  x  10*  * 

1.0  x  10;*  (1.6  ppm) 

NaO 

1.5  x  10*  * 

6,8  x  10*,  (1,1  ppm) 

Na°2 

(1.3  x  10*  f) 

5,7  x  10  J  (9.3  ppm) 

KOH 

2.0  x  10-  * 

4,4  x  lO}:  (7,2  ppm) 

KO 

8.2  x  10-  * 

1.3  x  10 } 3  (2.1  ppm) 

K02 

(8.2  x  10-15) 

1,0  x  10 14  (16  ppm) 

Naj  SO4 

? 

Probably  >  10  ppm 

K2S04 

? 

Probably  >  10  ppm 
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The  sensitivity  estimates  »hown  in  the  table  Indicate  that  concsntra tions 
of  a  ftw  ppm  of  tha  various  chloride,  hydroxide,  and  oxida  spaelaa  should  ba 
readily  measurable  by  diode  laser  absorption  for  combustor  test  conditions. 

Ve  reemphasise  that  even  greater  sensitivity  (detection  of  less  than 
O.lXabeorption)  should  be  possible  with  appropriate  attention  to  the 
instrumentation.  Alio,  the  technique  la  attractive  in  that  only  one  or  two 
diode  lasers  would  be  required  to  cover  the  wavelength  tuning  range  needed  for 
measurement  of  these  species  (*350  -  550  cm**1),  permitting  measurement  of 
all  of  them  within  a  period  of  a  few  minutes  experimental  run  time.  By 
conducting  suitable  calibration  experiments  in  the  diagnostic  development 
stage  the  measurements  can  be  made  quantitative,  and  potential  spectroscopic 
interferences  can  be  understood  and  avoided. 

3. A  Preliminary  Assessment  of  Spectral  Interferences 

Any  assessment  of  spectral  interferences  in  a  combustion  flowstream 
starts  with  the  major  constituents  that  are  active  in  the  Infrared,  water  and 
carbon  dioxide.  Fortunately,  neither  species  will  provide  much  interference. 
Water  absorption  lines  appear  at  irregular  spaeings  0.2  to  3.0  cm-1  apart, 
greater  than  the  line  broadened  resolution  of  0,1  cm**1.  Diode  laser 
absorption  should  easily  be  able  to  resolve  alkali  and  watar  lines  under  these 
circumstances.  Carbon  dioxide  lines  axlst,  but  are  so  weak  so  as  to  be 
unmeasurable  (o(X)  ■  10"25  cm2  or  over  1  million  times  weaker  than  the 
expected  alkali  line  strengths).  As  far  as  other  species  go,  only  the  region 
above  450  cm**1  contain  possible  Interferences,  Both  SO2  and  NjO  have  fairly 
dense  spectra  with  intensities  sufficient  to  cause  interferences.  Although 
these  spectra  are  not  aa  sparse  as  that  presented  for  water,  there  are  gaps  of 
0.3  -  1.0  cm**1  which  present  adequate  opportunity  for  observing  NaOH  and  KOH, 
Any  final  selection  of  spectral  region  for  a  real  device  will  have  to  assess 
this  problem. 


US 


3.5  Conclusion; 

The  cocult  obtolnod  In  the  experimental  effort*  roprooonto  the  firat  high 
raiolution  Infrarod  obaorptlon  maaauremanta  of  on  alkali  holldo  or  hydroxide 
■poelot  at  tho  fundamental  vibrational  frequency,  Potaaalum  fluoride 
rovlbvational  llnea  between  408-430  cm'1  were  detected  at  very  low  KF 
concentratlona  (“1-3  x  10 10  an"3 )  at  lew  pceaaure.  The  reaulta  agree  with 
the  overtone  meaaurementa  of  Hakl20  at  the  National  Bureau  of  Standarda, 

Thua,  the  detection  of  auch  noleculea  under  controlled  condl tlona  ha a  been 
demonatrated.  In  addition,  theoretical  caleulatlona  and  a  aenaltlvlty 
analyala  Indicate  that  diode  laaer  abaorption  meaaurementa  can  detect  1-10 
perta  per  million  of  auch  moleculee  under  typical  eombuotlon  condl tlona  If  a 
purged  multiple  paaa  mirror  configuration  can  be  Ina tailed  In  the  combuator, 
Detection  of  10l°  to  1011  cm**3  la  poaalble  In  low  pceaaure  laboratory  kinetic 
etudlea. 

The  vibrational  band  locatlone  of  HeOH  and  KOH  could  not  be  eatabllahed 
due  to  whet  we  preeume  wee  the  Incorrect  aaalgnment  of  theae  tranai tlona  In 
th«n  literature.  Fortunately,  new  end  accurate  ab  lnltlo  caleulatlona  provide 
aufficlent  accuracy  to  guide  future  atudlee*21* 


I 
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Characterisation  of  kinetic  parameters  governing  recombination  reactions 
of  alkali  atoms  are  fundamental  to  an  understanding  of  the  properties  of  flames 
seeded  with  alkali  metals  and  in  elucidating  the  roles  of  species  such  as 

r 

Na  and  K  and  their  hydroxides,  for  example,  in  flame  inhibition.  Thus,  the 
pair  of  processes 

K  4  OH  ♦  M  »  KOH  ♦  M  (1) 

H  +  KOH  — »  H20  ♦  K  (2) 

catalyse  the  overall  recombination  reactions 

H  +  H  *  M  •—¥  H2  +  M  (3) 

H  +  OH  +  M  — ♦  H20  ♦  M  (4) 

The  detailed  quantification  of  the  extent  of  such  catalysis  is  dependent  on  the 

6  8 

individual  rate  parameters  employed  for  the  fundamental  processes.  Reactions 
of  the  type 

Na,  K  +  02  +  M  — P  Na,K02  +  M  (5) 

are  also  of  special  interest  in  this  context  in  flames  and  have  been  the  object 
of  flame  modelling  and  rate  measurements  in  those  environments.  3’4’9-U.  Recent 
years  have  seen  the  develop’ iant  of  axperimental  techniques  permitting  direct 
characterisation  of  absolute  rate  constants  for  a  number  of  thesj  fundamental 
processes  by  time-resolved  spectroscopic  methods,  isolated  from  the  complexities 
of  flame  environments  and  related  systems  where  sets  of  kinetic  data  and 
thermodynamic  data  arc  intimately  linked.  This  paper  describes  absolute  rate 
measurements  on  three  classes  of  reactions: 


(I) 


X  ♦  02  +  M 


(6) 


(I) 

X  ♦  02  +  M 

— * 

X02 

+  M 

(II) 

X  4  OH  4  M 

— 

XOH 

4  M 

(III) 

X  4  I  +  M 

XI 

4  M 

(X  -  Na,  K) 


(X  -  Na,  K, 

Rb,  Cs) 

(7) 

(X  ■  K,  Rb, 

Cs) 

(8) 

(where  M  is  Che  third  body)  obtained  in  our  laboratory  by  their  isolation  in 
reel  time  with  direct  spectroscopic  monitoring)  end  direct  cherecterisation  of 
kg,  end  kg.  Where  possible,  rate  date  are  compared  with  those  derived  from 
diffusion  flames,  laser-induced  fluorescence  measurements  on  flow  systems  and 
from  flame  modelling. 


(1)  X  +  02  ♦  H 


XO„  4  M 


The  recombination  reactions  (5)  for  Na  and  K  in  particular,  whilst  formally 
describing  atom-radical  recombination  processes  involving  0^ (XJr”> »  are  inherently 
accessible  by  diract  experiment  as  the  oxygen  molecule  is  a  stable  species.  The 

reactions  between  Na  +  0,  4  M  and  K  4  0,  4  M  (M  ■  He,  N,,  CO,)  were  investigated 

12  13^  ^  ^  ^ 

by  Husain  and  Plane  ’  by  time-resolved  atomic  resonance  absorption  spectroscopy 

on  Na  and  K  at  \  -  589  na  (Na(32Pj)  «—  Na(32S1/2))  and  V-  768  run  (K^Pj)  -e— 

K(42Si/2))  follow*n8  the  generation  of  these  transient  atoms  by  the  pulsed 

Irradiation  of  Nal  and  KX  vapours  at  elevated  temperatures.  These  early 
12  13 

investigations  '  were  motivated  by  the  low  values  of  k.  that  had  been  reported 

9  11  ^ 

hitherto  '  resulting  Na  and  K  in  flames,  and  the  recognised  limitations  in 

employing  estimates  of  rate  parameters  for  Na  and  K  using  analogues  for  H  atoms.14 

The  initial  experimental  system  for  those  measurements  shown  in  Figure  1  was 

restricted  to  limited  temperature  ranges  (724  and  844  K  for  Na,  753  and  873  K 

for  K).  Nevertheless,  absolute  rate  data  for  k.  (for  Na  and  K)  were  accessible. 

?  2  5 

Briefly,  the  decay  of  Na(3  Sj^)  and  ^(4  Sj^)  generated  in  the  pulsed  mode  can 
be  described  by  the  rate  equations  (presented  for  Na(32S^2)): 


-d(Na)/dt  -  (kdi££  ♦  k5(Na)(02)(M))(Na) 


(i) 


or 


-d(ln(Na))/dt 


ciff 


k5(02)(M) 


(ii) 


where  k'  is  the  overall  first-order  decay  coefficient  for  the  loss  of  the  alkali 

atom  and  kd^ff  represents  the  removal  of  Na  and  K  by  diffusion  in  the  absence  of 

0^  and  permits  cherecterisation  of  the  diffusion  coefficients  for  these  alkali 
A  12  13 

atoms.  *  Alternatively,  kd£££  can  be  taken  as  an  empirical  correction  for 
the  removal  of  Na  and  K  in  M  alone  (M  -  He,  Nj,  COj) .  Equations  (i)  and  (ii) 
coupled  with  the  Boer-Larabcrt  law  for  the  time-resolved  resonance  absorption: 
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* 


I0exp(-ecl) 


(iii) 


(c  ■  (Na)  and  (K)),  and  Che  first-order  decay  for  Che  alkali  atom 

c  ■  c0axp(-k*t)  (iv) 

yields  k* .  Examples  of  the  first-order  decay  profiles  for  Na  in  the  absence 
and  tha  presence  of  02  are  shovn  in  Figure  2.  A  resume*  of  the  third-order 
rate  data  derived  from  these  earlier  measurements  is  summarised  in  Table  1. 


Table  1 

6  m2  *1 

Comparison  of  third-order  rate  constants  (k^/cm  molecule  •  )  for 

Ns  ,  K  ♦  02  +  M  (refs.  (12),  13)) 


I  M 

K(42S1/2)  (753  -  873  K) 

Na(32S1/2)  (724  -  844  K) 

Ha 

(9.8  i  1.3)  x  lo“28  T"1  (a) 

(1.3  x  10*30  celc.  T  ■  784  K) 

(  6  *  1)  x  10“31  (a) 

N2 

(1.7  *  0.6)  x  10-27  l""1  (e) 

(2.2  x  10-30  celc.  T  -  784  K) 

(1  -  0.2  1  x  10"30  (a) 

i 

C02 

4  x  lO-27  T*1  (e) 

(5.0  x  10’30  celc.  T  •  784  K) 

2  x  10"30  (a) 

I  Flame  Composition  1,0.1  x  10~33  (b) 

(H,  ♦  N2  +  H20, 

T  ■  1420  -  1600  K) 

8,2  x  10~34  (b) 

- 

((c),  time-resolved  atomic  resonance  absorption,  (b)  flame  measurements) 

12  13 

Subsequently,  the  early  apparatus  *  was  modified  with  an  improved  high  temp¬ 
erature  reactor  assembly  capable  of  measurement  across  the  temperature  range 

ca.  415  -  1016  X  and  with  computer  interfacing.^*16  First-order  decay  profiles 
2 

for  Na(3  S^2)  were  analysed  by  the  form: 

Ttr  "  1o*xP<-A**P(“fc't))  (v) 

Examples  of  such  profiles  are  shown  in  Figure  3.  Figure  4  shows  the  variation 
ef  k*  for  Na  with  (0j)  and  (Nj)  for  T  »  371  and  1016  K,  yielding  the  recombination 
rate  constants  (k^  »  kp)  at  these  temperatures.  Figure  5  summarises  the  data 


derived  from  time-resolved  atomic  resonance  absorption  measurements  for 

Na  4  0„  +  with  those  reported  from  laser-induced  atomic  fluorescence 

17  / 

measurements  on  a  flow  system,  flame  modelling  and  standard  extrapolation 
using  unimolecular  reaction  rate  theory  of  Troe.  *  It  may  be  stressed  that 
an  empirical  extrapolation  of  the  type  ln(kg)  vs.  ln(T/K)  (Figure  6)  across  a 
temperature  range  of  the  type  employed  here  yields  results  close  to  that 

M  II 

obtained  using  the  Trot  theory  and,  of  course,  independent  of  it.  The  Troe 
extrapolation  in  Figure  3  for  the  data  for  Na  +  Oj  ♦  N,  can  be  expressed  in 
the  form: 

lnO^/cm6  molecule-2  s“l)  -  -  0.3225(lnT)2  +  2.1331n(T)  -  69.21  (vi) 
Finally,  we  may  note  the  development  of  atomic  resonance  ionisation 

2Q  21 

spactroscopy  by  Kramer  at  al.  *  for  the  study  of  Li  +  02  +  M  and  Cs  +  0^  +  M. 
(II)  X  +  OH  +  M  — ►  XOH  4  M 


A  significant  development  in  recant  years  for  the  direct  determination  of 

absolute  rate  data  for  tha  racombination  of  alkali  atoms  with  free  radicals  hat 

been  the  construction  of  a  system,  initially  designed  for  the  measurement  of  k. 

22 

for  the  reactions 

K  4  OH  4  Ha  — >  KOH  4  He  (7) 

and  subsequently  modified  in  each  case  for  the  analogous  measuremsnts  for  X  - 
23  24  23 

Na,  Rb  and  Cs.  The  system  is  necessarily  complex  involving  measurement 

of  tha  decay  of  the  free  radical  OH,  generated  by  pulsed  irradiation  in  a  high 

temperature  reactor,  using  time-reaolvad  molecular  resonance  fluorescence  on 
2+2 

OH  (A  E  -  X  II,  (0,0), X  ■  307  nm) ,  with  repetitive  pulsing,  pre-trigger 

photomultiplier  gating  and  signal  averaging.  For  the  specific  case  of  K,  the 

decay  of  OH  is  monitored  in  the  presence  of  excess  potassium  atoms  derived  from 

a  heat  pipe  oven  and  themselves  monitored  in  the  steady  mode  by  atomic  resonance 

2  2 

fluorescence  at  X  ■  404  nm  (K(&  Pj)  -  K(4  using  phase  sensitive  detection, 

and  in  the  presence  of  excess  helium  buffer  gas.  Analogous  measurements  are 
carried  out  on  other  alkali  atoms.  The  decay  of  OH  by  diffusion  and  reaction  (7) 
is  given  by 

-d (OH) /dt  ■  (kdif£  4  k?(K) (He) ) (OH)  -  k'(OH)  (vii) 

and  the  intensity  of  the  time-resolved  0H(A  -  X)  resonance  fluorescence  signals 
are  given  by  the  standard  form: 
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lr(t>  -  ♦(OH(XJn))t_0exIi<-k,t)  (viii) 

1  ♦  1  V9)/An» 

Figure  7  show i  i  block  diagram  of  tha  apparatus  for  K  +  OH  +  Ha  and  Figure  3, 
examples  of  Che  decay  of  OH  in  the  presence  of  K  and  He*  These  profiles  are,  in 
fact,  analysed  to  Che  form: 

Ip  ■  ♦  ©jexpf-k't)  (ix) 

to  allow  for  Che  effect  via  0^  of  steady  scattered  light.  Figure  9  shows  examples 
of  the  resulting  values  of  k'  derived  from  equations  (viii)  and  (ix)  (for  (OH))  as 
a  function  of  (K)  for  different  values  of  (He),  and  Figure  10,  the  resulting  plot 
of  (k'  -  k^if ^ ) / (K)  vs.  (He),  tha  slope  of  which  yields  the  value  of  for  the 
temperature  of  530  K.  There  are  various  constraints  restricting  measurements  of 
the  present  type  to  single  temperatures  including  the  physical  limitations  of  the 
reactor  and  photon  counting  detection  system,  and  the  elimination  of  the  role  of, 
say,  Kj,  in  the  reactor  with  OH.  For  such  reasons,  the  reaction  of  Li  lies 
outside  the  range  of  the  present  experimental  system. 

*» 

Table  2  lists  the  values  of  k^  for  the  single  temperature  measurements 
derived  from  this  series  of  investigations.22"25 


Table  2  (X  +  OH  ♦  He) 

X 

6  ”2  “1 
k?/cm  molecule  s 

T/K 

Na 

1.07  -  0.2  x  lO-30  (23) 

653 

K 

8.8  2  1.8  x  10"31  (22) 

530 

Rb 

8.8  -  1.3  x  10“31  (24) 

490 

Cs 

10.0  2  1>5  x  i0“31  (25) 

481 

The  unimolecular  reaction*  rata  theory  of  Troe  may  be  applied  to  such  systems, 
including  Li  +  OH  +  He,  and  incorporating  the  effect  of  hindered  rotation,  to 
calculate  the  temperature  dependence  of  these  processes22"25  (Table  3) . 
Extrapolations  of  this  kind  are  seen  to  yield  better  accord  with  flame  data*’2 
when  particular  account  is  taken  of  tha  high  efficiency  (0  )  for  the  coll isional 

it  ^ 

atabiliaation  of  XOH  initially  formed,  by  flame  gases  such  as  H^O. 
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i  **a  szi 


Il  «.71  ,  fcl  M  I  M>  D.* 


_ Tab It  3 _ 

kj/cm6  molecule  2  •  * 

Li  +  OH  He 
Ha  4  OH  +  He 

K  *  OH  +  He 

Rb  +  OH  +  He 

Ca  4  OH  ♦  Ha 


(111)  X  +  14M  — *  XI  4  M 


(4.2  i  1.7)  x  10’27  t‘l,k0 
(4.7  -  1.0)  x  10"26  T’1,65 
(1.3  •  0.4)  x  10"26  T*1,55 
(1.3  *  0.4)  x  l(f26  T"1,57 
(2.8  -  0.7)  x  10*26  T“1*66 


The  technique  for  studying  the  group  of  reactiona  (II)  above  has  bean  extended 

to  the  atudy  of  reaction  (8)  for  X  ■  K,  Rb  and  Ce  by  time-resolved  resonance 

2 

fluorescence  on  ground  state  atomic  iodinei  1(5  F^j),  at  X  -  178.3  nm 
(I(3p^6a(2P^^2^  "  l(5p5(2P®^2)>)  in  th#  vacuum  ultra-violet.26"2®  The  apparatus 
for  the  kinetic  atudy  of  K  4  X  4  He  is  shown  in  Figure  11, the  principal  modification 
to  the  system  given  in  Figure  7  for  OH  being  the  flushing  of  the  optical  path  of 
the  iodine  atom  resonance  source  with  nitrogen,  permitting  flexibility  with  vac.  u.v. 
focussing.  Vfith  such  measurements,  it  is  necessary  to  produce  K1  in  situ  by  the 
reaction 

K  4  CH3I  — ■>  K1  4  CH3  (9) 

K  is  again  derived  from  a  heat  pipe  oven.  Resonance  fluorescence  decay 
measurements  on  the  I  atom  generated  photochemically  from  the  KI  produced  in 
reaction  (9)  must  bo  carried  out  on  a  time  scale  short  compared  with  that  for 
nucleation  as  the  denaity  of  Kl  is  well  above  its  equilibrium  vapour  praesure  at 
the  temperature  of  the  reactor.  The  expresaions  for  I^(t)(X  ■  178.3  nm)  are 
analogous  to  those  for  lj,(t)(0H(A  -  X))  given  in  equations  (viii)  and  (ix). 

Figure  12  gives  examples  of  I_(t)(X  ■  178.3  nm)  in  the  presence  of  K  and  He,  and 
Figure  13,  the  variation  of  k'  for  1(5  P^j)  derived  from  the  analogues  of  equations 
(viii)  and  (ix)  as  a  function  of  (K)  at  different  (He).  Figure  14  shows 
(k'  -  vs.  (He),  the  slope  of  which  yields  kg  for  K  4  I  +  He.  It  may  be 

shown  that  the  intercept  in  Figure  14  can  be  attributed  to  the  reaction  between 
I  4  Kj.  Similar  considerations  apply  to  measurements  of  kg  for  X  ■  Rb  and  Cs.26,2® 
The  analogous  measurements  for  X  ■  Li  and  Na  lie  outside  the  temperature  range 
accessible  to  the  present  system  for  reasons  similar  to  thost  indicated  above  for 
X  +  OH  +  M. 
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Table  4  list  the  results  o£  the  single  temperature  rate  measurements  of  kg 

for  X  ■  K,  Rb  and  Cs.  Table  5  gives  the  results  of  molecular  dynamic  calculations 

for  k„  that  have  been  carried  out  for  the  appropriate  potential  surfaces  which  are 
o  26-26 

highly  ionic  in  character,  accounting  for  the  small  negative  temperature 

dependences. 

Table  A  (X  ♦  1  ♦  He) 


X  kg/cm®  molecule  *  s  *  T/K 


K  <3.04  -  0.73)  x  lO-31  (27)  567 

Rb  (3.3A  1  0.67)  x  lo"31  (28)  5A0 

Ca  (7.9  i  1.2)  x  10"31  (26)  A91 


kg (500  «  T/K  <  2400) /cm®  molecule"2  s"1 


Li  +  I  +  He 
Na  +  I  +  He 
K  +  1  +  Ha 
Rb  +  I  +  Ha 
Cs  ♦  I  +  He 


2.7  x  10"32  T“0t09 

8.4  x  10"32  I"0'15, 

6.9  -  1.7  x  10"31  t"0,13 

1.0  -  0.2  x  10"30  t"0,18 

4.1  -  0.8  x  10"30  t"0,24 


The  results  of  the  measurements  are  of  fundamental  interest  in  general  terms  from 
the  viewpoint  of  recombination  reactions  of  alkali  atoms.  In  experimental  terms, 
they  point  the  way  to  future  measurements  with  halogen  atoms  of  closer  relevance 
to  flames  as  in  the  case  of  Cl.  This  would  requirs  the  construction  of  an 
evacuated  optical  path  suitable  for  atomic  resonance  fluorescence  measurements 
deep  into  the  vacuum  ultrav-violet. 


Fv 

ft 


REFERENCES 


(1)  D.E.  Jensen,  G.A.  Jones  and  A.C.H.  Mace,  J.Chem.Soc.  Faraday  Trans.  I 
(1979)  7±,  2377. 

(2)  D.E.  Jensen  and  G.A.  Jones,  J.Chem.Soc.  Faraday  Trans.  1  (1982)  78,  2843. 

(3)  D.E.  Jensen,  J.Chem.Soc.  Faraday  Trans.  1  (1982)  2835. 

(4)  A.J.  Hynes,  M.  Steinberg  and  K.  Schofield,  J.Cheo.Phya. ,  (1984)  80,  2585. 

(5)  D.E  Jensen,  Combustion  and  Flame,  (1972)  1_8,  217. 

(6)  R.  Friedman  and  J.B.  Levy,  Combustion  and  Flame  (1963)  Jt  195. 

(7)  A.  Cohen  and  L.  Decker,  Proc.  18th.  Int.  Symposium  on  Combustion 
(The  Combustion  Institute,  Pittsburgh,  1981)  p.  225. 

(8)  D.E.  Jensen  and  B.C.  Webb,  AIAA  J.,  (1976)  7,  947. 

(9)  W.E.  Kaskan,  Proc.  10th.  Int.  Symposium  on  Combustion  (The  Combustion 
Institute,  Pitsburgh,  1965)  p.  41. 

(10)  M.J.  McEwan  and  L.J.  Phillips,  Trans.  Faraday  Soc.,  (1966)  62,  1717. 

(11)  R.  Carabetta  and  W.E.  Raskan,  J.Phys.Chem. ,  (1968)  72,  2483.  , 

(12)  D.  Husain  and  J.M.C.  Plane,  J.Chem.Soc.  Faraday  Trans.  II  (1982)  78,  163. 

(13)  D.  Husain  and  J.M.C.  Plane,  J.Chem.Soc.  Faraday  II  (1982)  78,  1175. 

(14)  F.  Kaufman,  Canad.J.Chem.  (1969)  47,  1917. 

(15)  D.  Husain,  P.  Marshall  and  J.M.C.  Plane,  J.Chem.Soc.  Faraday  Trans.  II 
(1985)  81,  301. 

(16)  D.  Husain,  P.  Marshall  and  J.M.C.  Plane,  J.Photochem. ,  (1986)  ^2,  1. 

(17)  J .A.  Silver,  M.S.  Zahniser,  A.C,  Stanton  and  C.E.  Kolb,  20th.  Int.  Symposium 
on  Combustion  (The  Combustion  Institute,  Pittsburgh,  1984). 

(18)  J.  Troe,  J.Phys.Chem. ,  (19V J)  83,  114. 

(19)  J.  Troe,  l.Chcm.Phys.,  (1981)  75,  226. 

(20)  L.W,  Crossman,  G.S.  Hurst,  S.D.  Kramer,  M.G.  Payne  and  J.P.  Young, 

Chem.Phya. Letters  (1977)  50,  207. 

(21)  S.D.  Kramer,  B.E,  Lehmann,  G.S.  Hurst,  M.G.  Payne  and  J.P.  Young, 

J.Chem.  Phys.  (1982)  76,  3614. 

(22)  D.  Husain,  J.M.C,  Plane  and  Chen  Cong  Xiang,  J.Chem.Soc.  Faraday  Trans.  II 
(1984)  80,  1465. 


166 


(23)  D.  Husain,  J.M.C.  Plane  and  Ch^n  Cong  Xiang,  J.Chem.Soc.  Faraday  Trans.  II 
(1984)  80,  1619. 

(24)  D.  Husain,  J.M.C.  Plane  and  Chen  Cong  Xiang  J.Chom.Soc.  Faraday  Trans.  II 
(1985)  81,  561. 

(25)  D.  Husain,  J.M.C.  Plane  and  Chen  Cong  Xiang,  J.Chem.Soc.  Faraday  Trans.  II 
(1985)  81,  769. 

(26)  D.  Husain,  J.M.C.  Plane  and  Chen  Cong  Xiang,  J.Chem.Soc.  Faraday  Trans.  II 
(1985)  81,  1675. 

(27)  J.M.C.  Plane  and  D.  Husain,  J.Phya.Chem. ,  (1986)  90,  501. 

(28)  J.M.C.  Plane  and  D.  Husain,  J.Chem.Soc.  Faraday  Trans.  II  (1986) 
in  press,  paper  no.  FAR  2,  5/1777. 


wmmmwm 


INFLUENCE  OF  POTASSIUM  ON  OH  DECAY  RATES  IN  METHANE -AIR  FLAMES 
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Grumman  Corporate  Research  Center 
Bethpage,  New  York  11714 

ABSTRACT 

An  Investigation  of  the  kinetic  mechanism,  and  associated  rate 
coefficients,  by  which  potassium  catalyzes  recombination  reactions  In  flames 
Is  In  progress.  Hydroxyl  radical  decay  rates  have  teen  measured  In 
atmospheric  pressure  flat  CH4/A1 r  flames  (stoichiometry  4>  ■  0,9  to  1.2)  with 
and  without  the  addition  of  potassium,  mole  fraction  7  x  10’°  to  4  x  1C"4. 
Axial  OH  number  density  was  determined  from  Integrated  absorption  of  the  02(6) 
line  of  the  A2e+(v'  “  0)  ♦  X2n(v"  ■  0)  transition  at  309.28  nm  scanned  with  a 
Nd:YAG-pumped,  frequency-doubled  dye  laser.  Flame  temperatures  ranged  from 
1900  to  2000  K.  Addition  of  potassium,  In  the  form  of  an  aerosol  of 
K2CO3  +  H2O,  accelerated  the  OH  axial  decay  from  the  equilibrium  overshoot  at 
the  flame  front.  Measured  OH  decay  rates  Increased  rapidly  on  addition  of  low 
potassium  mole  fractions  (<5  x  10"5),  then  continued  to  Increase  slowly  at 
higher  additive  levels.  For  a  fixed  concentration,  the  potassium  was  more 
effective  with  Increasing  stoichiometry,  -Potassium  emlssloi,  at  766.3  nm  was 
monitored  with  a  diode  array  spectrometer,  was  found  to  be  In  the  square  root 
region  of  the  curve  of  growth,  and  was  used  to  determine  the  potassium  atom 
concentration  which  showed  a  small  decay  rate  above  the  flame  front, 
confirming  a  catalytic  role.  Preliminary  measurements  have  been  made  of  the 
Influence  of  sodium.  Our  OH  concentration  measurements  In  unseeded  CH^/AIr 
flames  are  In  excellent  agreement  with  earlier  measurements  by  Cattollca 
(1982).  An  Initial  analysis  of  our  data,  using  the  SANDIA  premixed  flame  code 
to  compute  flame  properties,  reveals  that  Jensen's  (1982)  mechanism 
(K  +  OH  +  M  •*  KOH  +  M,  KOH  +  H  ♦  K  +  HgO)  falls  to  predict  the  nonlinear 
Influence  of  Increasing  <  concentration.  In  agreement  with  the  critiques  by 
Helmerl  (1983)  and  Schofield  (1984),  we  conclude  that  Jensen's  mechanism  Is  a 
global  approximation  of  a  more  complex  mechanism.  We  are  currently  testing 
such  mechanisms  against  our  measured  data. 
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1.  INTRODUCTION 


While  It  Is  observed  that  the  addition  of  sodium  or  potassium  to  flakes 
reduces  the  flame  speed  and  Increases  the  overall  recombination  rates  In  the 
post  flame  region,  the  details  of  the  chemical  mechanism  and  the  associated 
rate  coefficients  are  In  dispute,  Jensen  et  al.1  measured  the  Influence  of 
potassium  (mole  fractions  <  10  }  on  fuel-rich,  atmospheric  pressure  hydrogen, 
oxygen,  and  nitrogen  flames  and  concluded  the  following  mechanism 

K  +  OH  +  M  *  KOH  4-  H  (1) 

KOH  >  H  *  H20  +  K  (2) 


was  responsible  for  their  observations  of  accelerated  hydrogen  atom  decay. 
They  obtained  rate  coefficients  for  reactions  1  and  2  by  fitting  predicted 
hydrogen  decay  rates  to  their  measured  data.  Parallel  measurements  were  made 
with  sodium2.  Helmerl3,  In  a  critique  of  Jensen's  work,  questioned  the 
speculative  nature  of  the  proposed  mechanism  and  the  method  of  Introducing 
potassium,  l.e.  as  potassium  dlplvaloylmethane,  ((CHj^CCO^CHK.  The 
possibility  of  the  organic  radical,  to  which  the  potassium  Is  bonded,  playing 
a  role  In  hydrogen  abstraction  was  raised  by  Helmerl,  together  with 
alternative  mechanisms. 

Hynes,  Steinberg  and  Schofield4  have  pointed  out  that  Jensen's  rate 
coefficient  for  the  reaction 


Na  +  OH  +  M  ■  NaOH  +  M 


(3) 


was  about  60  times  larger  than  the  corresponding  recombination  of  H  and  OH  at 
2000  K,  and  that  the  backward  rate  has  a  pre-exponential  term  three  orders  of 
magnitude  greater  than  expected  from  gas  kinetic  theory.  Similar  comments 
apply  to  Jensen's  rate  coefficient  for  reaction  1.  Hynes  et  al.  suggest  that 
reactions  1  and  3  are  global  simplifications  of  a  more  complex  set  of 
reactions.  Their  Investigation  of  sodium  (mole  fraction  <  3  x  10"^) 
kinetics  In  oxygen-rich  hydrogen  flames  supports  the  following  mechanism 


Na  +  H90  ■  NaOH  +  H 


Na  +  Oj  +  H  ■  NaOg  +  M 


(4) 

(5) 
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In  which  they  observe  that  the  algebraic  addition  of  reactions  5,  6,  and  7, 
together  with  the  blmolecular  steps  of  the  Hg  -  02  chain,  reduces  to  reaction 
3.  An  analogous  argument  applies  to  potassium.  Hynes  et  al.  recommend  that 
the  catalytic  Influence  of  large  concentrations  of  both  sodium  and  potassium 
on  radical  recombination  In  flames  requires  further  study. 

In  contrast  to  the  premixed  flame  results  *,  Friedman  and  Levy  ®  studied 
opposed  Jet  'diffusion  flames  (CH4  and  02)  and  observed  that  the  addition  of 
potassium  vapor  (mole  fraction  <  0.06)  to  the  fuel  flow  did  not  quench  the 
flame.  Similar  quantities  of  CH3Br  successfully  quenched  the  flame.  The 
failure  of  large  amounts  of  potassium,  at  least  six  times  greater  than  used  by 
Jensen  et  al.1,  to  Inhibit  the  flame  Is  puzzling  and  cannot  be  readily 
explained.  Since  Jensen's  experiments  were  the  only  ones  In  which  accelerated 
recombination  was  measured  with  the  addition  of  high  concentrations  of 
potassium,  it  Is  clearly  Important  that  the  mechanism  and  rate  coefficients  be 
tested  In  an  Independent  experiment. 

The  objective  of  our  experimental  Investigation  Is  to  elucidate  the 
mechanism  and  associated  rate  coefficients,  by  which  potassium  accelerates 
recombination  In  flames.  We  report  here  on  our  Initial  effort  Involving 
quantitative  measurements  of  OH  radical  concentrations  In  CH4-A1r  flames 
U  ■  0.9  to  1.2)  seeded  with  large  concentrations  of  potassium  Introduced  as 
an  aerosol  of  KgCOj  ^ n  water. 

2.  EXPERIMENTAL  APPROACH 

Flames  were  stabilized  on  a  2.54  cm  diameter  flat-flame  burner  construc¬ 
ted  of  bundled  1  mm  1.0.  tubing,  operated  at  1  atm  pressure  and  shrouded  by  a 
nitrogen  flow;  this  apparatus  Is  shown  In  Fig.  1.  The  OH  number  density  was 
determined  from  integrated  absorption  of  the  Q2(6)  line  of  the 
A2r+(v'  ■  o)  «■  X2n(v"  ■  o)  transition  at  309.28  nm  scanned  with  a  Nd:YAG- 
pumped,  frequency  doubled  dye  laser  (Quanta-Ray  PDL-1).  Axial  OH  number 


density  profiles  were  obtained  by  vertical  translation  of  the  burner  relative 
to  the  laser  beam.  Our  approach  Is  similar  to  that  used  by  Cattollca6  to 
monitor  OH  radical  nonequilibrium,  and  Is  based  on  wel 1 -documented 
methodology7. 

Potassium  was  fed  to  the  burner  In  the  form  of  an  aqueous  solution  of 
K2CO3  from  a  calibrated  aerosol  generator.  By  controlling  the  concentration 
of  K2CO3  In  the  solution  we  could  Introduce  known  mole  percentages  of 
potassium  Into  the  flame.  The  additional  carbon  and  oxygen  atoms  entering  the 
flame  were  0  small  perturbation  to  the  existing  levels  of  CO.  COg  and  oxygen, 
and  were  preferable  to  the  addition  of  halogen  atoms  or  large  organic  radicals 
as  used  In  previous  studies.1"3  Complete  evaporation  of  the  aerosol  1  rnn 
above  the  burner  top  was  confirmed  by  monitoring  the  forward  scattering  of  a 
HeNe  laser.  Potassium  emission  (4p^P°3/2  ♦  4s^S^/g)  at  766.5  nm  was 
monitored  with  a  diode  array  spectrometer,  was  found  to  be  In  the  square  root 
region  of  the  curve  of  growth,  and  was  used  to  determine  the  potassium  atom 
concentration. 

Methane,  oxygen,  nitrogen  and  argon  were  fed  to  the  burner  via  calibrated 
TYLAN  mass  flow  meters.  Total  flow  rates  were  maintained  close  to  8.0 
llters/mln.  We  commenced  our  Investigation  with  methane-air  flames,  but  In 
the  majority  of  experiments  argon  replaced  50*  of  the  Ng*  thereby  Increasing 
the  flame  speed  and  maintaining  a  flat  stable  flame  In  the  presence  of 
potassium,  A  coaxial  N2  shroud  was  maintained  to  minimize  02  diffusion  Into 
the  flame. 

Temperatures  In  the  flame  were  measured  with  platlnum-10%  rhodium/ 
platinum  thermocouples  (uncoated  .125  mm  diameter,  butt  welded).  Recorded 
temperatures  were  used  for  data  analysis  without  correction  for  the  partially 
cancelling  Influence  of  catalytic  effects,  conduction  along  the  wire,  and 
radiative  loss.  Preliminary  rotational  temperature  measurements  compare 
adequately  with  the  uncorrected  thermocouple  readings, 

3.  EXPERIMENTAL  RESULTS 

A  typical  measured  OH  number  density  profile  (In  the  absence  of  K)  is 
shown  In  Fig.  2.  It  reaches  an  equilibrium  overshoot  peak  at  the  flame  front 
1  mm  above  the  burner  and  then  decays  under  the  Influence  of  recombination 


reactions.  Also  shown  In  Fig.  2  are  the  earlier  results  of  Cattolica®  for 
almost  Identical  conditions,  and  excellent  agreement  Is  observed  between  the 
two  sets  of  experimental  data. 

Addition  of  potassium  had  a  small  Influence  on  the  equilibrium  overshoot 
OH  at  the  flame  front.  The  subsequent  OH  axial  decay  rate  was  accelerated  by 
the  addition  of  potassium,  In  the  range  0.0007  to  0.04  mole  percent,  as  shown 
In  Fig.  3.  The  efficiency  of  potassium  In  accelerating  the  OH  decay  rate 
decreased  at  higher  potassium  additive  concentrations,  as  Illustrated  In  Fig. 
3,  where  0.0007  mole  percent  Is  about  half  as  effective  as  0.015  mole 
percent.  For  a  fixed  seeding  level  the  Influence  of  potassium  Increased  with 
increasing  *  In  the  range  0.9  to  1,1,  as  shown  In  Fig.  4. 

Post-flame  temperature  (typically  1900  to  2000K)  Increased  monotonlcal ly 
with  Increasing  additive  mole  percentage.  For  example,  a  rise  of  62K  was 
measured  8  mm  above  the  burner  on  addition  of  0.04  mole  percent  K  to  a  $  *  1 
flame.  These  observations  are  consistent  with  Increased  overall  radical 
recombination  rates. 

Typical  measured  potassium  number  density  profiles  above  the  flame  front 
are  shown  In  Fig.  5.  The  measured  potassium  concentrations  were  directly 
proportional  to  the  seeding  levels,  while  the  axial  profiles  (relative 
dependence  on  distance  above  the  burner)  were  Independent  of  seeding  level. 
The  changes  In  K  number  density  In  Fig,  5  are  probably  due  to  conversion  to 
K0H  and  are  essentially  Insignificant  since  the  incremental  decrease  In  OH 
number  density  due  to  K  addition  Is  an  order  of  magnitude  greater  than  the 
total  K  number  density.  Clearly,  the  reaction  mechanism  by  which  potassium 
accelerates  the  OH  decay  rate  Is  catalytic  In  nature. 

Preliminary  results  of  sodium  carbonate  addition  to  a  ^  •  1.1  flame 
showed  that  sodium  was  as  effective  as  potassium  In  accelerating  OH 
recombination. 

4.  DATA  ANALYSIS 

Analysis  of  our  data  has  proceeded  In  two  stages.  First,  the  simple 
reduction  of  the  measured  OH  decays  to  an  empirical  rate  constant  (based  on 
the  observation  that  the  decay  Is  approximately  second  order  In  OH 
concentration).  Second,  flame  properties  were  computed  with  the  SANDIA  flame 


code  and  predicted  OH  and  K  concentrations  compared  with  experimental  data. 

Following  the  approach  of  Kaskan®,  the  measured  OH  concentrations  were 
plotted  as  1/ (OH )  versus  time  and  an  approximate  linear  relation  was  obtained, 
Implying  a  second  order  dependence  on  OH  concentration.  (Note,  for  example, 
that  the  recombination  of  OH  and  H  will  mimic  a  second  order  OH  reaction 
because  of  the  fast  blmolecular  reactions  coupling  these  two  radicals).  From 
the  slope  of  the  1/OH  plots  we  obtained  effective  decay  rate  constants  a  , 
and  representative  results  from  the  4  ■  1,1  case  are  shown  In  Fig.  6,  as  a 
function  of  the  Initial  K  mole  fraction.  The  nonlinear  relationship  between 
a  and  the  additive  mole  fraction  Is  highlighted  In  Fig,  6;  a  rises  rapidly 
for  initial  potassium  mole  fractions  up  to  1  x  10"*,  beyond  which  the  rate  of 
Increase  falls  off,  suggesting  an  eventual  asymptotic  limit.  Reproducing  the 
trend  In  Fig.  6  will  be  an  Important  test  of  a  detailed  kinetic  mechanism. 

The  rate  constant  a  Is  not  a  global  rate  coefficient  because  the  measured  OH 
decay  profiles  Include  the  Influence  of  diffusion. 

The  second  stage  of  data  analysis  Is  presently  Incomplete  and  only 
progress  to  date  will  be  discussed.  We  are  using  the  SANDIA  flame  code  9  to 
compute  one  dimensional  flame  properties  based  on  Initial  oxidizer/fuel/ 
additive  mass  flow  rates  and  composition,  measured  temperature  profiles  and 
measured  burner  top  temperatures.  The  computations  account  for  diffusion  and 
chemical  kinetics,  the  latter  using  the  Warnatz  reaction  mechanism10  for  a 
CH4/AI r  flame  and  test  reaction  sets  for  the  potassium  chemistry.  We  have 
begun  by  testing  Jensen's  reaction  mechanism  (see  discussion)  and  Jensen's 
Inferred  rate  coefficients1.  Jensen's  model  and  rates  fall  to  predict  our 
measured  nonlinear  Influence  of  potassium  as  shown  In  Fig.  6. 

5.  DISCUSSION 

Our  measurements  to  date  show  that  addition  of  potassium  to  methane 
flames  accelerates  the  axial  decay  of  OH  downstream  of  the  flame  front,  that 
this  acceleration  Is  a  nonlinear  function  of  potassium  concentration  (see  Fig. 
3),  and  that  potassium  Is  Uast  effective  for  *  <  1.  These  quantitative 
results  represent  a  stringent  test  of  a  kinetic  mechanism,  especially  when 
used  together  with  the  observations  of  Jensen  et  al.  and  of  Hynes  et  al. 

The  nonlinear  Influence  of  potassium  In  the  present  work  contrasts  with 
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the  linear  Influence  on  H  observed  by  Jensen  over  a  small  concentration  range 
In  fuel  rich  hydrogen  flames.  Furthermore,  our  preliminary  finding  that  Na 
and  K  are  about  equally  effective  In  accelerating  OH  decay  rates  In  a  fuel 
rich  flame  contrasts  with  Jensen's  result  that  Na  Is  a  factor  of  3  more 
efficient  than  K  In  catalyzing  H  atom  decay. 

Testing  of  reaction  mechanisms  against  our  data  base  has  been 
Initiated.  The  failure  of  Jensen's  mechanisms  to  reproduce  our  observed 
nonlinear  Influence  on  K  suggest  his  mechanism  may  be  a  global  simplification 
of  a  more  complex  reaction  set  and  that  the  simplification  only  applies  over  a 
limited  experimental  parameter  space.  It  will  be  important  to  test  Jensen's 
mechanism  for  $  ■  0.9,  the  case  In  which  we  observe  K  to  be  least  effective  as 
an  OH  scavenger. 

Further  work  Is  recommended  In  the  areas  of  (a)  kinetic  reaction  model 
testing  and  (b)  flame  experiments,  In  order  to  drive  out  a  viable  reaction 
mechanism  and  a  reasonable  estimate  of  the  associated  rate  coefficients.  In 
addition  to  our  measurements  of  OH  and  K,  we  believe  It  Is  essential  to 
monitor  Intermediates  (such  as  KQ,  K02,  K2,  KOH  and  KH)  In  order  to  obtain 
more  direct  evidence  for  the  chemical  pathways  by  which  potassium  Influences 
recombination  reactions  In  flames.  We  plan  to  conduct  a  spectroscopic  survey 
of  flames  heavily  seeded  with  ptasslum  (mole  fraction  >  10“3)  using  a  Fourier 
Transform  IR  spectrometer,  a  vlsIble/UV  grating  spectrometer,  and  laser- 
induced  fluorescence  excitation.  A  complete  parallel  set  of  experiments  with 
sodium  should  also  be  conducted.  In  the  area  of  reaction  mechanism  testing, 
we  plan  to  test  both  the  Hynes,  Steinberg  and  Schofield  model*  and  the 
comprehensive  reaction  set  of  Helmerl,  Keller  and  Kllngenberg11  against  our 
experimental  data  base,  making  full  use  of  recent  rate  coefficient 
measurements1^"1*.  An  acceptable  mechanism  will  have  to  reproduce  the 
observed  dependence  on  additive  concentration  and  on  stoichiometry. 
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THE  FEASIBILITY  OF  A  CARS  TECHNIQUE  FOR  THE 
STUDY  OF  MUZZLE  FLASH 

J.  A.  Vanderhoff,  R.  B.  Poteraon  and  A.  J.  Kotlar 
US  Ar ay  Balliatic  Raaaarch  Laboratory 

INTRODUCTION 

Muzzle  flaah  ia  obaarvad  during  firing  of  larga  and  aaall 
eaiibar  guna.  It  typically  appaara  aa  a  bright  flaah  of  light 
eutaide  tha  muzzle  and  ia  aaaociatad  with  tha  ralaaaa  of  rich 
coabuation  producta  froa  tha  barrel  of  tha  gun-  Controlling  and 
•uppreeaing  thia  phanoaanon  ia  of  major  practical  concern  tinea 
tha  energy  ralaaaa  ia  sufficient  to  produca  bleat  wavaa  and 
larga  viaible/ther&al  signatures,  both  being  of  uaa  in  locating 
tha  poaition  of  the  gun. 

Paat  studies  have  indicated  the  axiatanca  of  three  aaparata 
ragiona  of  the  flaah.  They  are,  in  order  of  increaaing  diatanea 
from  tha  muzzle,  primary,  intermediate,  and  secondary.  Luminoa- 
ity  from  thaae  thraa  ragiona  ariaaa  primarily  from  glowing  par- 
ticulataa  and  aodlum  amiaaion.  Thua  tha  apaetrum  aaaociatad  with 
muzzle  flaah  diaplaya  line  amiaaion  aa  wall  aa  a  broad  back¬ 
ground  amiaaion  characterlatlc  of  blaekbody  radiation.  Primary 
flaah  occura  at  tha  barrel  exit  and  ia  a  raault  of  tha  hot 
luminoua  coabuation  producta  leaving  tha  muzzle  after  tha  bullet 
uncorka.  Subaaquant  rapid  axpanalon  of  tha  coabuation  gaaaa 
quenchea  much  of  tha  remaining  gaa  phaaa  raactiona  thua  pro¬ 
ducing  •  dark  region  following  tha  primary  flaah.  Aa  the  procaaa 
continual,  over  axpanalon  laada  to  a  ahock  being  generated  in 
the  fora  of  a  Mach  diak  downatream  of  tha  muzzle.  Thia  ahock 
atructure  rahaata  tha  incompletely  reacted  coabuation  producta 
and  initiate*,  new  coabuation.  Aa  a  raault,  a  aacond  luminoua 


region  develops  downstream  of  tha  Mach  diak  and  ia  callad  tha 

intermediate  flaah.  Tha  propallant  st»iJ0chio*etry  ia  auch  that 

major  products  inoluda  CO  and  H2*  thus  as  oxygan  fro*  tha  atmoa- 

phara  la  antrainad  with  tha  growing  flow  field*  a  third  eombua- 

tion  region*  tha  secondary  flaah  develops.  It  la  auch  larger 

than  the  previous  two  and  accounts  for  tha  major  portion  of 
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energy  release  occurring  outside  tha  gun  barrel* 

The  study  of  muzzle  flash  is  Motivated  by  the  desire  to 
control  and  suppress  tha  secondary  flash.  Zt  has  been  observed 
that  small  amounts  (1-2*0  of  an  alkali  metal  salt  added  to  the 
propellant  will  suppress  the  flash*  but  tha  mechanisms  associ¬ 
ated  with  tha  suppression  are  wall  understood.  For  example*  it 
is  still  unclear  whether  these  metal  salts  act  thermally  or 
chemically*  and  if  the  lattar*  whether  the  process  occurs 

heterogeneously  (i.a.  on  the  surface  of  s  particle)  or  homogen- 

5* 

sously  in  the  gas  phase.  A  recant  study  has  shed  some  light  on 
this  subject*  but  much  work  remains  to  be  done. 

When  muzzle  flaah  is  considered  in  the  context  of  study¬ 
ing  the  condition  leading  to  its  suppression*  the  relevant 
machanisma  involved  must  be  guaased  at.  The  reaaon  for  this  is 
a  lack  of  information  on  the  conditions  present  within  tha  dev¬ 
eloping  muzzle  flow  field.  High  luminosity*  extrema  temperature 
and  density  gradients*  high  concentrations  of  particulates  end 
the  transient  nature  of  the  event  are  reaponbsible  for  prevent¬ 
ing  many  of  tha  traditionally  accepted  diagnostic  techniques 
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from  being  applicable.  Williams  and  Powell  and  Lederman  et  el. 
have  used  laser  Raman  apectroacopy  to  investigate  the  muzzle 
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bleat  region  of  a  20  mm  gun.  Both  studies  used  downloaded 

rounds  which  achiavad  muzzla  valocitiaa  in  tha  naighborhood  of 

400  m/a.  Williams  and  Powell  looked  at  thu  region  from  0.32  to 

1.3  cm  downstream  of  tha  barrel  exit  for  times  up  to  3  ms  after 

bullet  exit.  Laser  induced  particulate  incandescence  prevented 

any  temperature  meaaurementa  from  being  determined.  Relative 

densities  for  N2  and  GO  were  measured;  however,  these  relative 

values  daps  nd  on  an  assumed  gas  temperature,  Laderman  at  al. 

made  measurements  at  a  position  S  cm  downstream  of  the  barrel 

exit  for  a  time  frame  of  0.33  to  2  ma.  Over  this  region  they 

obtained  an  essentially  constant  temperature  of  about  1500K. 

The  lack  of  a  time  dependent  temperature  caused  the  authors 

to  doubt  tha  meaaurementa  however  they  could  not  substantiate 

S 

alternate  explanations.  Petrow  and  Harris  have  looked  at  the 
muzzla  flash  region  of  a  7. 62  mm  rifle  using  coherent  anti- 
Stokes  Raman  spectroscopy  (CARS).  They  searched  for  a  CARS  sig¬ 
nal  of  the  H2  molecule  in  tha  muzzle  flash  region.  Due  to  in¬ 
adequate  triggering  only  one  noisy  H2  spectrum  waa  obtained 
in  several  hundred  shots,  which  indicated  CARS  spectra  could 
be  observed.  Emlsaion  spectra  and  sodium  and  potassium  line 

M 

reversal  techniques  have  been  used  with  success  to  obtain  temp¬ 
erature  measurements  of  the  various  flash  regions.  These  tech¬ 
niques  are  applicable  where  the  probe  region  is  luminous  and 
alsOj for  spatial  resolution  depend  on  the  validity  of  Abal- 
inveraion  data  analysis  (i.e.  a  symmetric  temperature  distri¬ 
bution  and  a  uniform  alkali  metal  concentration). 

CARS  appears  to  be  well  suited  for  obteining  temperature 
profiles  in  tha  muzzle  flash  region.  It  is  non- intrusive  in 
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the  ••ns*  that  thez*  is  no  physical  proba  placad  in  tha  flow 
region.  Sines  tha  CARS  signal  emerges  as  a  col lias tad  beam  a 
high  signal  to  noiaa  ratio  ia  possibls.  A  high  dagras  of  spatial 
and  taaporal  resolution  can  also  ba  obtained.  Tha  CARS  technique 
raliaa  on  tha  ability  of  high  anargy  laaara  to  pass  through  tha 
aaasurasant  field*  hanca  its  applicability  is  limited  to  systems 
of  relatively  high  light  transmission. 

Typical  solid  propellants  burn  rich  and  tha  major  gas  pro- 
ducts  of  combustion  ara  approximately  40*  CO*  17x  H2*  16X  H20, 
14X  C02  and  1 lx  N2.  CO  has  bean  selected  as  tha  molecule  to  ba 
probed  in  tha  muzzle  flow  field.  There  are  several  obvious 
reasons  for  this  choice.  Diatomic  apactroaeopy  is  simpler  than 
triatomic  thus  eliminating  H20  and  C02  as  candidates.  N2  ia 
present  in  ambient  air  which  can  result  in  problems  when  using 
collinear  geometry  for  generating  CARS  signals.  CO  and  H2  still 
remain  as  candidates.  CO  is  present  in  larger  concentrations 
and  there  exists  more  efficient  dyes  for  producing  the  Stokes 
beam  appropriate  for  CO  then  for  the  H2  Stokes  beam.  One  further 
point  should  be  made  with  reference  to  the  K2  molecule.  H2  has 
•  large  rotational  constant  thus  the  individual  rotational  lines 
within  the  vibrational  0-  branch  are  well  resolved.  This  permits 
a  simpler  computation  as  well  as  permitting  lower  temperatures 
to  be  fitted  more  precisely.  This  well  resolved  structure  has  a 
drawback  however;  which  arises  when  taking  single  shot  data.  The 
•hot-to-shot  fluctuation  of  the  dye  laser  can  introduce  serious 
errors  into  the  results  unless  it  ia  monitored  with  each  laser 
•hot.  This  moritoring  adds  to  the  experimental  complexity  and 
consequently  CO  ia  deemed  the  choice  molecule. 
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In  this  paper  we  raport  data  on  tha  feasibility  of  using 
CARS  to  atudy  auzzla  flash.  CARS  apactra  (broadband)  for  tha  CO 
aolacula  hava  baan  obtalnad  on  a  flat  flaaa  burnar  and  In  tha 
lntaraadiata  flash  raglon  of  an  H-14  rifla.  Thaaa  apactra  hava 
baan  flttad  to  datarnlna  taaparaturaa.  Muzzle  flash  taaparaturaa 
hava  also  baan  darivad  froa  aaiaalon  apactra  to  coapara  with  tha 
CARS  raaulta.  Aparturad  light  transmission  data  at  various  timas 
and  poaitiona  in  tha  flow  fiald  ara  obtalnad  in  ordar  to  aaaaaa 
tha  affacta  of  baas  attanuatlon  and  ataaring.  Major  problama  that 
aaam  to  bo  praaant  whan  uaing  CARS  as  a  proba  of  tha  auzzla  flow 
fiald  ara  diacuasad. 

EXPERIMENTAL  DESCRIPTION 

Tha  experimental  apparatua  conaiatad  of  a  aodiflad  M-14 

rifla,  having  a  nominal  auzzla  dlamatar  of  7.62  mm  and  a  ahcrt- 

anad  barrol  langth  of  491.5  mm.  Thla  pravioualy  uaad  barrel 

length  haa  baan  incorporatad  here  ao  that  a  batter  comparison 
.3.(0, 1/ 

with  past  studies  can  ba  mada.  Tha  rifla  ia  hold  in  a  fixture 

and  attached  to  a  larga  metal  box  of  dimensions  0.6x1. 0x1. 4  m. 

Design  features  of  this  box  included  a  ratractlble  flat  flams 

burner  for  gonarating  hot  CO,  a  vant  for  gaa  removal,  and  a 

nitrogen  line  for  purging.  In  addition,  plexiglass  windows  ware 

incorporatad  into  tha  design  to  provide  optical  access  to  tha 

interior  regions  of  tha  box.  However,  for  CARS  signal  generation, 

simple  accasa  porta  wars  provided  through  tha  plexiglass  because 

of  tha  high  power  of  the  laser  pulses.  For  trapping  bullets 

Catcher 

during  each  experiment,  a  bullet^waa  uaad  on  the  opposite  side 
of  tha  box  from  tha  rifla.  Standard  ball  ammunition  with  WC-646 
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deterred  aurface  coated  propellant  haa  been  uaad  for  all  tha 

data  raported  hara.  Tabla  1.  liata  the,  chemical  coapoaitlon  of 

thla  propellant.  Tha  nominal  mama  of  propellant  in  each  round  waa 

2.99  ga.  Whan  uaad  in  tha  barrel  with  tha  diaenaiona  apacified 

If 

above,  thia  gave  a  auzzle  velocity  of  approximately  615  a/a. 

TABLE  1.  WC-646  PROPELLANT  SPECIFICATIONS 

lngradianta  Percentage <x> 

Nitrocelluloaa  67.01 

Nitroglycerin  9.71 

Diphanylaaina  0.90 

Dinitrotoluene  C.71 

Moiature  &  Volatilea  0.65 

Reaiduel  aolvent  0.29 

Calcium  carbonate  0.46 

Sodium  aulfate  0.07 

Tha  experiaantal  aet  up  for  collating  light  eAiaaion  and 
tranaaiaaion  data  ia  ahown  in  Fig.  1.  One  Lt-Ne  l*ae.r  beam  ia 
poaitionad  Juat  in  front  of  tha  auzzle  'exit  and  whan  thia  baam 
ia  interrupted  by  the  bullet  and  flow  field  a  trigger  pulaa  ia 
produced  by  a  photodiode.  Thia  trigger  provide*  tha  aourca  of 
timing  for  all  the  muzzle  flaah  axperiaanta.  Whan  taking  light 
tranamiaaion  data  a  aecond  Ha-Na  laaer  la  directed  through  tha 
flow  field  at  apacified  downatraam  locationa  from  the  barrel 
exit  and  a  photodiode  monitora  the  intenalty  of  tha  beam.  Laaar 
path  and  barrel  axia  are  perpendicular.  Thia  photodiode  output 
la  fed  into  a  digital  oacilloacope  and  the  firat  mentioned 
photodiode  provldea  the  trigger  aweep.  An  effort  waa  made  to 
lnaure  that  the  detector  behaved  ina  linear  faahion  to  the  amount 
of  light  received.  The  photodiodea  have  an  active  ci  jular  area 
of  about  0.6  aquare  cm  thua  for  beam  ateering  atudiae  a  amall 
aperture  ia  inaerted  in  front  of  the  photodiode  and  the  nominal 


1.0  mm  diameter  He-Ne  laaar  bees  la  focussed  to  diameters  laaa 
than  or  aqual  to  tha  apartura  size.  For  aoaa  of  tha  light 
emission  atudlaa  an  unaparturad  photodloda  waa  used; 
whan  apactral  intanaity  aa  a  function  of  wavalangth  waa  desired, 
tha  aonochroaator  -  raticon  system  uaad  to  detect  CARS  aignala 
waa  aaployad .  Thia  aonochroaator  had  a  1/4  m  focal  langth  and  a 
100  micron  antranca  alit.  A  1200  groova/ma  grating  in  thia  aya- 
taa  which  included  an  lntanaifiad  micro  channel  plata  raticon 
datactor  had  a  FWHH  resolution  of  about  12  em-1.  For  CARS  data 
a  2400  groova/aa  grating  gava  a  FWHH  resolution  of  about  6  cm-1. 

CARS  spectra  for  CO  wara  obtained  during  gun  firing  and  on 

a  porous  plug  flat  flaaa  burner  using  tha  experimental  aatup 

shown  in  Fig.  2.  Thia  arrangement,  along  with  tha  triggering 

ayatea  described  later,  provided  the  opportunity  of  recording 

single  shot  CARS  aignala  during  tha  experiment.  A  co-linaar 

phase  matching  scheme  was  employed  with  pump  beam  and  Stokes 

beam  wavelengths  of  532  and  600  na,  respectively.  The  latter 

value  waa  tha  center  of  tha  broadband  dye  laser  amission  which 

had  a  bandwidth  of  approximately  4  nm.  This  bandwidth  permitted 

data  to  ba  obtained  from  the  ground  and  tha  vibrational ly  excited 

levels  of  the  CO  molecule  thua  yielding  vibrational  temperature 

Information  on  the  molecules  in  tha  probe  volume.  A  previous 

12 

study  on  CO  in  a  diffusion  flaaa  used  a  binary  dya  mixture  of 
Rhodamlna  640<R-640>  end  Kiton  Rad  <KR>  for  the  dye  laser.  Our 
choice  of  dyes  waa  similar  with  approximate  percentages  by 
weight  of  70X  R-640  end  30*  KR.  Exact  dya  mixture  concentrations 
were  adjusted  during  leaer  operation  to  "peak"  tha  output  while 
observing  CARS  signals  of  hot  CO  from  a  burner.  A  flat  flame 


burner  having  a  6  cm  diameter  aintered  bronze  poroue  plug  with 
water  cooling  coila  imbedded  in  the  aintered  material  waa  uaad . 
Rich  mixtures  of  CO  and  02  reaulted  in  flaaea  with  ample  hot  CO 
aoleculea  for  probing  with  CARS.  The  top  of  the  burner  ia  cen¬ 
tered  5  mm  below  the  beam  waiat  of  the  overlapped  pump  and  Stokea 
beama.  From  thia  poaition  final  tuning  end  alignment  ia  aecom- 
pliahed.  CO  CARS  apactra  from  thia  burner  ere  alee  analyzed  to 
inaure  the  proper  operation  of  the  experimental  eyetem  and 
analyaia  procedure. 

The  optical  train  consisted  of  a  Quantel  model  YG-481C 
Nd:YAG  leaer  with  frequency  doubling#  an  in-houaa  conatructed 
longitudinally  pumped  broadband  dye  leaer  and  various  anti- 
reflection  coated  optica  to  direct  and  combine  the  horizontally 
polarized  CARS  aignal  generating  beama  aa  shown  in  Fig.  2.  The 
532  nm  radiation  waa  aspirated  from  the  1064  nm  fundamental  left 
over  from  doubling  by  dichroic  mirrora.  The  532  nm  output  waa 
measured  aa  about  350  millijoulea  per  pulae.  Of  this,  a  beam¬ 
splitter  directed  60*  to  pump  the  dye  leaer  which  produced  a 
Stokea  beam  energy  of  30  millijoulsa  per  pulae.  The  remaining 
40X  waa  used  for  the  CARS  pump  beam.  The  path  lengths  of  both 
the  Stokea  beam  and  pump  beam  ware  matched  for  temporal  over¬ 
lap  and  then  the  two  beama  were  combined  into  one  with  a  dichroic 
ml:;er.  A  pair  of  30.5  cm  focal  length  lenaea  were  employed  to 
direct  the  CARS  generating  beama  into  the  probe  volume  and  then 
to  recollimate  the  emerging  radiation  which  Included  the  CARS 
aignal.  Also  shown  in  Fig.  2  are  the  details  of  the  CARS  signal 
acquisition  system.  After  the  collecting  lens  recollimated  the 
emerging  laaer  beams  and  CARS  signal,  a  blue  glass  filter  atten- 
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ustad  most  of  the  532  and  600  nm  radiation  from  tha  aignal  train 
leaving  tha  CARS  aignal  at  473  nm.  Farther  rajaction  was  aehiavad 
by  spatial  saparation  witha  rutila  prism.  By  tha  tiaa  tha  light 
raachad  tha  monochromator ,  oriantad  such  that  tha  long  axis  of 
tha  100  micron  antranca  slit  was  horizontal,  tha  CARS  baam  was 
sufficiantly  isolatad  that  only  it  paaaad  into  tha  monochromator. 
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Tha  CARS  proba  voluma  was  axparimantally  datarminad  by 
translating  a  1  mm  thick  glass  slida  through  tha  intaraction 
ragion  whila  monitoring  tha  non-reaonant  CARS  aignal.  A  plot  of 
tha  paak  haight  of  tha  CARS  aignal  varaua  position  is  shown  on 
Fig.  3.  Spatial  raaolution  is  commonly  dafinad  sa  tha  position 
at  which  tha  aignal  drops  to  1/a  of  its  maximum  valua.  Using 
this  criterion  tha  intaraction  langth,  datarminad  from  Fig.  3, 
is  0.55  cm.  Tha  diamatara  of  tha  focuasad  beams  arc  about  0.005 
cm  thus  tha  proba  voluma  approximataa  a  cylinder  0.55  cm  in 
langth  and  0.005  era  in  diamatar. 

Although  tha  details  of  tha  timing  circuitry  will  ba  pre¬ 
sented  in  tha  next  section,  tha  operation  of  the  detection  sys¬ 
tem  requires  soma  explanation  hers.  The  gun  firing  mechanism 
consisted  of  a  solenoid  actuated  trigger.  From  tha  time  the 
aolanoid  ia  energized  to  the  time  the  bullet  exits  the  barrel, 
approximately  20  as  elapsed.  At  tha  asms  time  the  trigger  se¬ 
quence  is  begun,  the  control  unit  of  the  OMA  receives  a  signal 
initiating  a  time  interval  of  33  ms  during  which  the  detection 
elements  of  the  reticon  ere  active.  Also  during  this  time  inter¬ 
val,  a  shutter  ia  opened  for  approximately  100  ms.  In  this  way, 
detection  of  CARS  spectra  originating  from  a  single  laser  pulse 
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CARS  Amplitude  (Counts  x  1CT) 


was  achieved 


EXPERIMENTAL.  TIMING 

There  were  two  eajor  deaign  conetrainte  in  developing  the 
leeer  control  circuitry.  The  first  wee  associated  with  the  need 
to  have  the  laser  pulsing  continously  (et  8.9  Hz>  while  adjusting 
the  system  for  maximum  signal  generation.  The  second  constraint 
involved  synchronizing  a  single  laser  pulse  wlththe  firing  of  the 
gun  for  acquiring  data.  This  latter  constraint  meant  precisely 
triggering  the  laser  (within  a  few  sicroseconda >  from  a  repeat- 
able  source.  We  chose  the  interuption  of  a  Ha-Ne  laser  beam 
positioned  in  front  of  the  gun  barrel  as  the  trigger  source  of 
the  laser. 

A  schematic  diagram  of  the  timing  system  is  shown  in  Fig.  4. 
The  hardware  used  to  fulfill  the  experimental  requirements 
proved  to  be  an  integration  of  a  specially  built  one-shot  control 
circuit  with  the  commercial  laser  control  unit.  During  pre¬ 
firing  optical  adjustments,  the  laser  ran  at  a  set  internal  fre¬ 
quency  of  8.9  Hz.  However,  when  e  single  laser  pulse  was  to  be 
synchronized  with  the  gun  firing,  the  one-shot  circuit  assumed 
control  of  the  experiment.  The  following  sequence  of  events  des¬ 
cribes  ths  deration  of  the  system. 


•  Normally  the  laser  operates  at  a  repetition  rate  of  10  Hz; 
however,  due  to  aging  of  the  power  supply  system  it  now  takes 
longer  to  charge  the  capacitor  bank  when  operating  at  full 
power  thus  we  had  to  lower  the  repetition  rate. 
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CARS  signal  generation  was  firat  optimized  with  the  laser 
pulsing  at  8.9  Hz.  At  the  time  the  experiment  was  to  be  init¬ 
iated  the  operator  actuated  a  push  button  which  signalled  the 
one-ahot  circuit  to  aaauae  control  of  the  experiment  on  receipt 
of  the  next  laser  charge  order.  Upon  receiving  the  order,  the 
micro-relay  <aaa  Fig.  4)  was  de-energized  thus  inhibiting  the 
laser  from  firing  on  its  own.  The  reason  for  this  is  that  whan 
the  micro-relay  is  closed,  the  rotary  switch  of  the  laser  control 
unit  was  grounded  thus  allowing  the  end-of -charge  order  to 
trigger  the  laser.  When  the  relay  was  open,  the  switch  floated 
high  preventing  the  end-of -charge  from  being  acted  upon.  However, 
when  this  order  was  issued  by  the  laser  control  unit,  the  one- 
shot  circuit  sensed  its  presence  and  issued  a  gun  firing  order 
by  energizing  the  solid  state  relay,  triggering  the  OMA,  and 
opening  the  shutter.  Approximately  20  ms  later,  the  bullet  emer¬ 
ged  from  the  barrel  interupting  the  He-Ne  laser  beam.  The  re¬ 
sulting  output  pulse  from  the  photodetector  through  an 
appropriate  delay  triggered  the  laser  by  bringing  the  rotary 
switch  on  the  laser  control  unit  to  near  ground  potential 
through  the  optical  isolator.  Zt  should  be  noted  that  the  logic 
for  the  one-shot  circuit  was  built  from  CKOS  chips  operating  on 
a  15  volt  power  supply.  This  choice  was  dictated  by  the  require¬ 
ments  of  extremely  high  noise  immunity  and  compatibility  with 
the  logic  of  the  laser  control  unit. 

We  should  point  out  that  the  procedure  described  above 
triggers  the  flash  lamps  of  tuw  Nd:YAG  laser.  The  actual  lasing 
process  occurs  200  microseconds  later  whan  the  laser  oscillator 
is  Q-switched.  Thus  if  data  at  times  less  than  200  microseconds 


war*  required,  than  a  modified  triggering  procedure  would  ba 
needed.  The  data  reported  hare,  however,  haa  been  independently 
timed  by  monitoring  a  portion  of  the  532  nm  radiation  reflected 
from  the  blue  glaaa  filter.  Thua  the  data  recorded  reflect*  the 
true  time  interval  between  the  interuption  of  the  Ke-Na  laser 
and  the  detected  CARS  aignal.  An  upper  limit  of  approximately 
10  microaaconda  ia  the  aaaociated  overall  jitter  that  exiata  for 
the  timing  ayatem  used. 

The  charactariatic  times  of  the  experiment  include  those 
associated  with  the  data  acquisition  ayatem  and  the  muzzle  flow 
field.  The  laser  ayatem  operated  at  a  free  running  time-betwean- 
pulaaa  of  115  ma  (8.9Hz).  From  when  the  trigger  solenoid  was 
energized  to  whan  a  bullet  emerged  from  the  barrel  was  about 
20  ma.  The  muzzle  flow  field  developed  on  time  acalea  of  the 
order  of  5  ma  while  the  primary  end  intermediate  flashes  occurred 
in  the  first  millisecond  after  the  bullet  leaves  the  barrel. 
Through  the  ua*  of  the  variable  delay  unit  that  transmitted  the 
laser  fire  order  to  the  opto- isolator ,  the  data  acquisition 
time  could  be  varied  from  near  zero  (time  bullet  uncorks)  to  be¬ 
yond  10  ma.  Thua  the  laser  timing  allowed  virtually  all  times 
of  interest  in  the  developing  muzzle  flow  field  to  be  studied. 

RESULTS  AND  DIS  CUSSION 

Our  studies  began  by  measuring  the  light  emission  primarily 
secondary  flash,  with  a  photodiode  when  firing  into  ambient  air. 
Fig.  5  displays  the  temporal  prof ilea  of  the  light  observed  16 
cm  downstream  of  the  muzzle  exit  for  four  shots.  These  dual 
oscilloscope  traces  were  trigger  ad  by  the  breaking  of  a  He-Ne 
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Figure  S.  Light  amission  fro*  the  muzzla  flash  of  a  7.62  *m 
rlfla  using  standard  ball  ammunition.  Tha  maasuramsnt 
point  la  18  cm  downstream  of  tha  auzzla  exit.  Tha 
horizontal  tiaa  seals  la  300  microseconds  par  division 
and  tha  vertical  aeale  is  intanaity  in  arbitrary  units 
All  four  shots  are  taken  undar  idantical  conditions. 
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laaar  beam  poaitionad  at  tha  Ruzzlt  axit.  Tha  bottom  tracaa  ra- 


praaant  tha  detactad  Ha-Na  laaar  light  whara  tha  high  valua  in- 
dicataa  total  blockaga  of  tha  baam  and  tha  low  valua  full  trana~ 
miaaion.  Tha  top  tracaa  ara  tha  auzzla  flaah  light  amiaaion. 

Light  amiaaion  bagina  about  1.2  aa  aftar  bullat  axit  and  laata 
for  about  1  aa  howavar;  aa  can  raadily  ba  obaarvad,  thara  ia 
aubatantial  ahot  to  ahot  variationa.  Thia  variation  ia  indieativa 

i 

of  tha  irraproducibla  turbulant  natura  of  aacondary  flaah  which 

bacomaa  problamatic  in  that  wa  can  only  obtain  a  aingla  CARS 

data  point  par  rifla  ahot.  To  proparly  aaaaaa  tha  data  in  thia 

ragion  it  ia  nacaaaary  to  conatruct  a  probability  diatribution 

function  which  would  ba  axtraaaly  tiaa  conauming.  Sinca  tha 

.  13 

intaraadiata  flaah  ia  laaa  turbulant  and  currant  idaaa  auggaat 
it  ia  tha  controlling  ragion.  in  tha  contaxt  of  muzzla  flaah 
auppraaaion,  wa  dacidad  to  bagin  tha  aaaauraaanta  hara. 

Purging  tha  matal  box  ahown  on  Fig.  1  with  nitrogan  aup- 
praaaad  tha  aacondary  flaah  aa  ia  damonatratad  by  Fig.  6.  Tha 
photograph  waa  takan  undar  aalf  light  conditiona  aa  tha  rifla 
firad  into  a  nitrogan  atnoaphara.  Hara.  only  tha  primary  and 
intaraadiata  flaahaa  appaar  togathar  with  tha  gaa  dynamic  pro- 
caaaaa  aaaociatad  with  than 

It  waa  daaaad  daairabla  to  varlfy  tha  CARS  axparimantal 
tachniqua  and  CO  taaparatura  analyaia  prior  to  making  any  auzzla 
flaah  taaparatura  aaasuramanta .  From  pravioua  raaultw  a  tamp- 
aratura  around  1900K  and  a  CO  concantretion  around  40*  waa  ax- 
pactad  in  thw  intaraadiata  flaah  ragion  of  tha  M-14  rifla.  To 
obtain  ataady  atata  conditiona  aiallar  to  thaaa  paramatara  a  rich 
C0/02  aixtura  <  <j>  ■  2.93)  waa  burnad  on  a  flat  flama  burnar  and 
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Figura  6.  Salf-light  photograph  of  tha  primary  and  intarmadiata 
flaah.  Tha  diatanca  from  tha  primary  to  intarmadiata 
flaah  ia  about  10  cm. 


probed  initially  by  a  apontanaoua  Ranan  technique  deacribed 

elsewhere.  By  fitting  the  Stokea  Q-branch  Raman  spectrum  for  CO 

s  temperature  of  1785K  with  an  estimated  total  error  of  £4*  was 

IS* 

obtained.  Using  this  temperature  in  the  NASA-Lewia  thermochemical 
equilibrium  calculation  results  in  a  value  of  0.63  for  the  mole 
fraction  of  CO  present  in  the  burnt  gas  region  of  this  flame. 

Next  the  CARS  apparatus  was  used  to  obtain  spectra  for  CO  employ¬ 
ing  the  same  burner  with  identical  flame  conditions.  The  measure¬ 
ment  point  for  both  techniques  was  5  mm  above  the  burner  surface 
on  center.  Q-branch  CARS  spectra  for  CO  obtained  from  thia  flame  art*, 
on  Riga.  7  and  8.  An  accumulation  of  30  laser  shots  produced  the 

spectrum  of  Fig.  7  while  Fig.  8  resulted  from  a  single  laser 

■ 

shot.  The  reason  for  comparing  single  and  multiple  shot  spectra 

is  to  find  out  if  there  are  any  fluctuations  in  the  CARS  signal 

that  wash  out  when  multiple  spectra  are  summed.  Comparing  Fig.  7 

with  Fig.  8  and  alao  other  single  shot  spectra  (not  shown)  it 

was  concluded  that  fluctuations  would  be  a  negligible  effect. 

The  squares  represent  the  data  points  and  the  line  is  a  least 

squares  fit  to  the  data.  More  information  on  the  CARS  equations 

At  I  f 

and  the  least  squares  fitting  procedure  is  given  elsewhere.  The 
results  of  the  fits  ahow  there  is  excellent  agreement  between 
single  and  multiple  shot  data;  moreover,  the  temperatures  ob¬ 
tained  from  the  Raman  technique  agree,  within  experimental  error, 
with  thoae  obtained  by  CARS, 

Having  satisfied  ourselves  that  the  CARS  technique  was 
behaving  properly  we  next  recorded  CARS  spectra  of  CO  in  the 
intermediate  muzzle  flash  region.  Figs.  9  and  10  display  two 
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Figure  7.  CO  CARS  spectrum  in  a  rich  premixed  C0/02  laminar 
flams.  An  accumulation  of  50  laser  shots. 
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Figura  9,  CO  CARS  apactrua  in  tha  intaraadiata  flash  ragion  of 
a  7.62  aa  rifla  firad  into  a  nitrogan  ataoaphara.  Tha 
aaaauranant  position  is  12.5  ca  dowrvstrasm  of  tha  barral 
axit  0.88ms  aftar  tha  bullat  axit. 
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•ueh  spectra  for  a  downstream  poaition  of  12.5  cm  paat  the  end  of 
the  barrel  on  centerline.  Both  apectra  are  taken  at  aimilar  times 
after  the  bullet  exit  <0.88  and  0.78  aa)  nonet  ,aaa  the  temper- 
aturea  obtained  from  the  fita  are  drastically  different  <1306  and 
4C0K)  and  lower  than  what  was  expected.  Other  muzzle  flaah 
apectra  (not  ahown)  nave  alao  been  obtained  at  various  times 
between  0.6  and  3.0  ma  after  bullet  exit  and  these  too  appear  to 
be  cold.  That  is  ,  there  ia  no  indication  of  a  hot  band  occurring 
aa  one  can  readily  observe  for  the  flame  apectra  of  Figa.  7  and 
8.  In  order  to  obtain  a  rough  idea  of  what  the  temperature  is 
in  the  intermediate  flaah  region  of  our  system  some  emission 
spectroscopy  was  performed.  An  intermediate  flaah  emission  spec¬ 
trum  ia  ahown  on  Fig. 11.  This  spectrum  is  pieced  together  from 
shots  taken  for  different  monochromator  settings  since  the 
monochromator-reticon  system  could  only  capture  a  fraction  of 
the  spectral  region  on  any  one  shot.  The  only  amission  comes 
from  blaekbody  and  sodium  line  emission.  Using  Wien's  radiation 
law  a  temperature  of  1700*200K  is  obtained  aa  a  rough  estimate 
of  the  intermediate  flash  characteristic  temperature.  This 
temperature  is  in  line  with  previous  studies  and  indicates 
problems  with  the  CARS  measurements. 

While  the  experiment  was  set  up  for  emission  studies  an 
emission  spectrum  for  the  secondary  flash  was  obtained  and  is 
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shown  on  Fig.  12.  Here  the  measurement  position  was  40  cm  down¬ 
stream  of  the  barrel  exit.  The  firings  took  place  in  ambient  air. 
Again  the  spectrum  is  pieced  together  end  a  resulting  rough 


estimate  of  temperature  in  this  region  is  2200+400K  from  Wien's 
radiation  law.  In  addition  to  the  blaekbody  emiseion  there 
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Figura  11.  Tha  tima  intagratad  aaiaaion  apactrua  of  tha  intar 
aadiata  flaah  ragion  obtainad  by  iiring  into  a  nitrogan 
ataoaphara.  Tha  aaaauraaant  position  was  12.5  cm  down- 
atraam  of  tha  barral  axit. 
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1 in*  •mission  peaks  fro*  sodium  and  calcium  hydroxide. 

Now  that  we  ara  fairly  cartain  that  tha  temperature  in  the 
intarmadiata  flash  ragion  is  substantially  hlghar  than  tha  CARS 
data  indicstas  an  axplanation  for  this  diffaranca  must  ba  eddre- 
ssad.  Tha  intanaity  of  tha  CARS  signal  for  muzzle^ls  noticad  to 
ba  much  lass  than  for  tha  singla  shot  flams  data  and  is  lass  than 
intuitively  expected.  From  this  observation  it  was  thought  that 
baam  steering  might  ba  causing  ths  CARS  signal  to  appear  outside 
tha  acceptance  angle  of  tha  entrance  slit  of  the  monochromator. 

To  test  this  hypothesis  light  transmission  experiments  war*  per¬ 
formed  and  the  data  is  shown  on  Fig.  13.  For  these  tests  several 
monochromator  entrance  slits  were  used  as  apertures  and  mounted 
in  both  horizontal  and  vertical  orientations .  As  for  tha  CARS 
measurements,  a  downstream  position  of  12.5  cm  was  chosen  for 
study  and  tha  Ha-Na  laser  light  transmission  as  a  function  of 
tima  and  aperture  size  recorded.  For  all  cases  (a  -  d)  there  is 
maximum  transmission  at  t  ■  0  and  the  light  is  essentially 
blocked  or  staarad  completely  off  tha  photodiode  at  0.17  ms.  A 
shadowgraph  of  the  flow  field  taken  at  0.25  ms  after  bullet  exit, 
shown  on  Fig.  14,  helps  to  understand  what  is  happening  in 
Fig.  13.  From  Fig.  14  it  is  evident  that  tha  blockage  and  steer¬ 
ing  of  the  He-Ne  laser  beam  occurring  from  0.17  to  0.35  ms  is 
caused  by  the  precursor  bleat  wave  and  the  passage  of  the 
bullet.  When  the  300  micron  slit  is  used  another  loss  of  He-Ne 
light  signal  due  to  beam  steering  occurs  around  0.43  ms.  This 
time  corresponds  to  the  passage  of  the  inner  shock  disk.  When 
th M  100  micron  slit  is  used  much  more  loss  of  He-Ne  signal  la 
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Figura  13.  Ha-Na  laaar  light  tranaaiaaion  aa  a  function  of 
tiaa  aftar  bullat  axit.  Tha  aaaauraaant  poaition  waa 
12. S  cr  downatraaa  of  tha  barral  axit;  a  -  no  apartura 
b  -  300  aicron  alit  oriantad  horixontal,  c  -  300  aicron 
alit  oriantad  vartical  and  d  -  100  aicron  alit  oriantad 
vartical . 
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observed  and  ia  praaant  for  moat  timaa  of  interest.  Thia  taat  waa 
repeated  at  a  downstream  location  of  24.5  cm  to  aaa  if  tha  affect 
would  ba  diminiahad  dua  to  axpanaion.  Tha  raaulta  ara  displayed 
on  Fig.  xS.  Baing  farther  downatraam  tha  bullat  alona  cauaaa  the 
Initial  loaa  of  aignal  at  around  0.35  ma  than  tha  bleat  wave 
raaulta  in  aignal  loaa  after  about  0.55  ma .  Tha  aituation  appaara 
woraa  hara  than  at  tha  12.5  cm  location.  It  ahould  ba  pointed  out 
that  at  tha  24.5  cm  poaition  tha  firing  took  place  in  ambient 
air  rather  than  a  nitrogen  atmoaphera  and  thia  allowed  aacondary 
flaah  to  occur.  Thia  aacondary  flash  providea  more  temperature 
gradianta  and  turbulence  which  can  add  to  tha  ataaring  affacta. 

Thaaa  aparturad  light  tranawiaaion  atudiaa  explain  why  a 
weak  CO  CARS  aignal  ia  obaarvad  whan  uaing  100  micron  entrance 
alita  and  alao  auggaat  a  raaaon  why  low  aporadic  temperaturea 
ara  obtained.  Beam  ataaring  oacura  upon  paaaaga  of  a  light  beam 
through  non-parpandiculer  index  of  refraction  gradianta  which 
era  praaant  in  the  muzzle  flow  field.  Tha  amount  of  ataaring 
i«  dependant  on  wavelength  and  CARS  ia  ganaratad  by  light  beams 
of  aubetantially  different  wavelength.  A  wavelength  dependant 
ataaring  affect  can  raault  in  the  CARS  beama  not  being  over¬ 
lapped  at  the  poaition  of  intaraat  and  thua  different  CO 
temperaturea  arc  than  poaaible. 

CONCLUSION 

Tha  study  of  muzzle  flaah  ia  a  difficult  teak  dua  to  tha 
preaanca  of  high  luminosity,  high  particulate  loadinga  and  ex¬ 
trema  danaity  and  temperature  changes.  Thaaa  affacta  cause  index 
of  refraction  gradianta  in  tha  muzzle  flow  field  which  provides 
a  mechanism  for  wavelength  dependent  beam  steering.  Thia  mech- 


Figure  15.  Ha-Ne  laser  light  transmission  as  a  function  of 
time  after  bullet  exit.  The  aeasuresent  position  was 
24.5  cm  downstream  of  the  barrel  exit;  e  -  no  aperture, 
b  -  50  micron  x  50  micron  square  aperture,  c  -  100 
sicron  x  100  micron  square  aperture,  d  -  200  micron  x 
200  micron  square  aperture  end  e  -  300  micron  slit 
oriented  horizontal. 
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aniam  aakaa  CARS  unattractiva  aa  a  aimpla  ,  raliabla  tachniqua 
for  »u7%;la  flaali  atudiaa.  Furtharmora  mealing  up  to  largar  guna 
will  aagnify  tha  problam  bacauaa  of  longar  raquirad  diataneaa 
batwaan  tha  intaraction  ragion  and  datactor. 
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ARDEC  Laboratory  Flash  Studies 
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Dover,  New  Jersey  07801-5001 

Abstract 

Flash  intensity  measurements  had  been  made  of  several  alkali  and  non-alkali 
salt  additives  to  determine  their  efficacy  as  potential  flash  suppressants. 

The  results  of  these  experiments  showed  that  ammonium  bicarbonate  and  potassium 
bicarbonate  were  among  the  most  effect  flash  reducers.  Therefore,  additional 
laboratory  scale  firings  were  made  to  test  these  salts  vs  K2SO4,  the  standard 
additive.  The  results  of  these  teste  showed  NH4HCO3  to  be  better  than  KHCO3  or 
K2SO4.  A  simplified  computer  simulation  of  each  of  these  firings  was  used  to 
determine  the  point  in  the  combustion  gas  flow  when  the  salt  vaporized  and  reacted. 
These  simulations  suggested  that  flash  suppressants  reacted  with  the  combustion 
gases  outside  the  gun. 

Experimental 

Laboratory  test  firings  were  conducted  in  the  ARDEC  erosion  tester  which 
is  a  modified  200  cm3  closed  bomb  vented  with  a  22.86  cm  (9.0  in)  barrel  having 
a  0.95  cm  (0.375  in)  bore  (Fig.  1).  This  shortened  barrel  modification  was 
used  to  insure  that  secondary  flash  would  occur  every  time  unsuppressed  propellant 
was  fired  [1].  A  pressure  transducer  positioned  inside  the  200  cm3  chamber  was 
calibrated  to  display  pressure  versus  time.  To  control  pressure,  a  rupture 
disc  was  inserted  between  the  barrel  and  the  chamber. 

Secondary  muzzle  flash  was  measured  with  a  silicon  diode  detector  which 
reproduced  the  spectral  response  of  the  human  eye.  These  spectra  traces 
revealed  flash  onset  time;  peak  intensity;  integrated  intensity;  and,  termination 
time.  Typical  traces  for  flash  suppressed  and  unsuppressed  propelling  charges 


All  propelling  charges  were  fabricated  by  sealing  the  propellant  in 
polyethylene  bags.  To  best  emulate  an  artillery  propelling  charge, 

50g  of  M30  (Table  1)  triple  base  propellant  was  used.  (Radford  Lot  No.  69531). 

This  loading  density  (0.25  g/cn)  was  selected  to  maintain  an  average  peak 
pressure  of  172  MPa  (25,000  psi).  In  order  to  compare  the  various  flash 
suppressants,  8%  by  weight  (4g)  of  the  additive  was  placed  in  front  of  each  of 
the  bagged  propelling  charges  [1]. 

To  simulate  mortar-like  propelling  charges,  M10  (Table  2)  and  ball  powder 
(Table  3)  propellants  were  sealed  in  polyethylene  bags  [2).  In  the  first 
case,  20g  of  M10  flake  propellant  (Radford  No.  89233)  was  placed  in  polyethylene 
bags  (0.10  g/cm^  loading  density)  to  achieve  an  average  peak  pressure  of  58 
MPa  (8400  pel).  In  the  second  case,  two  sets  of  propelling  charges  were  fabricated. 
In  one  set  each  charge  contained  22g  (loading  density  0.11  g/cm^)  of  ball 
powder  (Olin  Lot  No.  3640.5)  which  yielded  a  peak  pressure  of  58  MPa,  while  in 
the  other  set  each  charge  contained  28g  of  ball  powder  (loading  density  0.14 
g/cm3)  In  order  to  achieve  a  peak  pressure  of  85  MPa,  Flash  suppressants 
were  mixed  with  the  propellant  inside  the  polyethylene  bag  in  concentration  of 
4%  and  8X  by  weight.  The  candidate  flash  suppressants  for  these  tests  were 
potassium  bicarbonate  (K.HCO3)  and  ammonium  bicarbonate  (NH4HCO3).  Relative 
intensity  values  were  obtained  by  normalizing  with  flash  Intensity  values 
obtained  from  unsuppressed  propelling  charges. 


Results 


The  alkali  and  non-alkali  candidate  flash  suppressants  which  were  tested 
with  M30  propellant  gave  the  following  results: 


Suppressant  Flash  Smoke 


Hone 

100 

Yes 

kn3 

32 

Yes 

K2SO4 

80 

Yes 

k2co3 

46 

Yes 

KHC03 

1 

Yes 

kno3 

46 

Yes 

KOX 

3 

Yes 

OXA 

25 

No 

Slurper 

20 

No 

(NH4)2C03 

17 

No 

NH4HCO3 

11 

No 

NH4NO3 

43 

No 

(NH4 )2S04 

34 

No 

TAG  Cl 

100 

Yes 

TAG  NO3 

100 

No 

TAG  PIC 

100 

No 

GAC 

100 

No 

Ox  amide 

87 

No 

The  results  of  the  firings  with  the  M10  propellant  and  Ball  Powder  are 
given  below: 


20g  MIO  at  58  MPa 

Additive  Wt. ,  g  Intensity 


NHaHCOi 

KHCO-* 

K?SO  4 

I 

9  1 

— 

— 

196  + 

27 

1.00 

1.6 

— 

— 

40  + 

13 

0.20 

— 

1.6 

— 

+  1 

30 

0.58 

— 

— 

1.6 

96  + 

18 

0.50 

0.8 

— 

— - 

74  + 

17 

0.38 

Additive  Wt.,  g 


Intensity 


NHaHCOi 


K?SOa 


Ir  g-1 


146  i  35 
21  +  12 


89  +  29 


73  +  23 


Additive  Wt. ,  g 


fflUHCO-; 


28g  Ball  Powder  at  85  MPa 


K9SO4 


Intensity 


285  +  33 
97  +  28 
205  +  30 
296  +  34 
160  +  24 
240  +  31 


Simulation 


The  experimental  firings  of  M30  propellant*  and  the  additive  NH4HCO3,  KHCO3 
and  K2SO4  were  simulated  with  the  use  of  interior  ballistic  [3]  and  thermochemical 
computer  codes[4,5).  The  temperatures  of  the  theoretical  combustion  gases  were 
traced  from  Ignition  in  the  chamber  to  their  reactions  with  oxygen  in  the 
atmosphere.  All  simulations  ignored  shook  heating  effects.  Each  firing  was 
simulated  in  two  ways.  The  first  simulation  assumed  the  additive  salt  vaporized 
and  reacted  with  the  propellant  in  the  chamber,  while  the  second  simulation  assumed 
the  ealt  vaporized  and  reacted  with  the  ex  padded  product  gases  in  the  atmosphere. 

The  firing  was  first  simulated  in  the  Baer-Frankle  interior  ballistic 
code,  where  the  projectile  weight  was  that  of  the  rupture  disc  and  the  resistance 


*K10  firings  are  currently  being  simulated 


at  shot  start  was  the  pressure  at  which  the  disc  ruptures.  The  thermochemical 
properties  of  the  M30  propellant  and  those  with  8%  salt  added  were  calculated 
from  the  Blake  code.  From  the  resulting  muzzle  temperature  and  pressure  it  was 
possible  to  calculate  the  temperature  and  gas  composition  when  expanded 
lsentropically  to  1/2  atmosphere.  The  combustion  of  these  gases  when  reacted 
with  O2  then  give  the  flash  temperature  at  one  atmosphere.  The  second  type 
simulation  used  the  muzzle  conditions  of  the  H30  propellant  alone  and  determined 
the  flash  temperature  by  reacting  the  salt  with  the  combustion  gases  and  oxygen 
at  1/2  atmosphere. 

The  results  of  these  simulations  are  given  below: 


1  +  additive 

Mechanism  1 

Mechanism  2 

iral 

2119 

2119 

100 

NH4HCO3 

2020 

1813 

11 

KHCO3 

2106 

1847 

1 

K2SO4 

2129 

1847 

80 

The  results  Buggest  that  suppressant  efficiency  is  minimized  if  the  salt 
reacts  with  the  combustion  gases  in  the  chamber  and  that  the  greatest  benefit 
from  a  salt  additive  would  occur  if  it  reacts  in  the  atmosphere. 

Conclusions 

From  tne  experimental  relative  flash  intensities  of  11,  1,  and  80  for  NH4HCO3, 
KHCO3,  and  K2SO4  respectively,  it  would  appear  as  if  most  of  the  salt  did  react 
outside  of  the  gun.  This  would  account  for  the  significant  reduction  in  flash 
caused  by  the  bicarbonates,  but  it  would  not,  however,  explain  the  higher  flash 
Intensity  observed  with  K2SO4.  Potassium  sulfate  has  a  boiling  point  of  1962°K, 
which  is  considerably  higher  than  the  373°  and  313°K  for  the  ammonium  and 
potassium  bicarbonate  salts.  It  is  possible  that  in  the  10msec  the  propellant 
burns  in  the  bomb,  the  potassium  sulfate  doeB  not  completely  vaporize  to  react 
with  the  combustion  gases,  while  the  bicarbonate  salts  will  vaporize  due  to 
their  considerably  lower  boiling  points. 


Table  1 


M30  Composition  and  Physics-Chemlco  Properties 

Component  Composition  X 

Nitrocellulose  (12.62) 

Ni troglycerin 
Nitroguanldine 
Et  hy 1-Cen tr al 1 te 
Graphite 
Cryolite 

Ethanol  (residual) 

Water  (residual) 

Properties* 


Tf(K°)  2990. 

C.  J/mol-K0  43.9 

lpJ/mol-K°  1072.0 

CO  (mol/kg)  11.9 

H2  5.8 

H20  10.4 

N2  11.9 

C02  3.0 

Total  (Mol/kg)  43.1 

M  (g/g-mol)  22.3 


*Calculated  by  Blake  Thermodynamic  Gun  Code. 


28.00 

22.50 

47.70 

1.50 

.10 

0.30 

0.30 

0.00 


Table  2 


M10  Propellant  Composition  and  Physico-Chemlco 
Properties  at  0.10  r/cst  Loading  Density 

Component  Composition  X 


Nitrocellulose  (13.15XN)  98.00 

K2S04  1.00 

DPA  1.00 

Properties* 

Tf  (K°)  3181 

1  (J/g)  1048 

My  (g/g-mol)  23.25 

CO  (Mole  fraction)  0.42 

H2  0.09 

H20  0.24 

N2  0.13 

N02  0.  14 

OH  0.01 


♦Calculated  with  NASA-Lewls  Therraochemical  Code 


Table  3 

Ball  Powder  Composition  and  Physlco-Chemico 
Properties  at  0.11  Loading  Density 


Component 


Composition 


■s 


■a 


I 

Nitrocellulose  (13.15ZN) 

97.941 

Nitroglycerin 

0.501 

DPA 

1.005 

s 

kno3 

0.050 

5 

DNT 

0.201 

i  " 

DBP 

0.301 

Properties* 

Tf  (K°> 

3184 

j 

1 (J/g) 

1062 

Mw  ( g/ g-mol) 

24.93 

* 

CO  (Mole  fraction) 

0.42 

h2 

0.10 

H2O 

0.23 

8 

n2 

0. 12 

9 

co2 

0.12 

a 

r 

• 

* Calculated  by-  NASA-Lewis  Thermochemical  Code. 
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INTRODUCTION 

This  paper  reviews  the  equipment  and  instrumentation  available 
at  RARDE  (Fort  Halstead)  for  the  study  of  gun  in-bore  and  muzzle 
flows,  blast  and  flash.  So  far  the  research  programme  of  the 
Guns  and  Rockets  Group  at  RARDE  has  been  aimed  at  developing 
theoretical  and  experimental  tools  for  the  analysis  of  the 
unsteady  flows  of,  the  propellant  gases.  The  problems  of 
secondary  flash  and  its  suppression  by  chemical  means  has  not  as 
yet  been  specifically  addressed.  However  in  the  near  future 
initial  studies  on  the  behaviour  of  chemical  flash  suppressants 
are  proposed. 

— The  main  experimental  facilities  reviewed  in  this  paper  ares 

a)  High  Enthalpy  Blast  Simulator  (HEBSIM) 

b)  Ballistic  Simulator  with  specialist 

instrumentation. 

c)  Laser  Doppler  Anemometor 

HIGH  ENTHALPY  BLAST  SIMULATOR 

Figure  1  is  a 
schematic 

representation  of 
the  RARDE  High 
Enthalpy  Blast 
Simulator  (HEBSIM) 
which  provides  the 
opportunity  for 
studying  simulated 
muzzle  flows  under 
varying  conditions 
with  inert  gases. 

The  simulator 

breech  chamber 
initially  contains 
high  pressure 

nitrogen  gas 

separated  from  the 


HIGH  ENTHALPY  BLAST  SIMULATOR 


Figure  2 


drive  piston  by  a 
double  bursting 
diaphragm.  During 
setting-up  the 
pressure  between 
the  diaphragms  is 
maintained  at 

about  50%  of  the 
breech  pressure  to 
prevent  diaphragm 
rupture.  Upon 

dumping  of  the 
inter-diaphragm 
pressure,  the  two 
diaphragms  rupture 
and  the  resulting 
gas  flow  drives 
the  piston  along 
the  compressor 
chamber . 

Compression  waves 
form  ahead  of  the 
piston  and 

coalesce  to  form  a 
shock  wave  which 
compresses  and 

heats  the  working 
gas.  This  shock 
wave  is  reflected 
from.,  the  closed 
end  of  the  tube  to 
produce  a  further 


increase  in 
temperature 
pressure  of 
working  gas 
is  reflected 
at  the 


the 

and 

the 

It 

again 

piston 


SCHEMATIC  VIEW  OF  TUNNEL  AND  WAVE  SYSTEM  which  is  still 

moving  forward. 
Several  shock 
reflections  take 

place  as  the  piston  rapidly  decelerates.  The  piston  mass  is 
selected  so  that  it  does  not  overshoot  and  oscillate  and  thereby 
produce  rarefaction  and  compression  waves  in  the  nozzle. 


As  the  pressure  in  the  compressor  barrel  builds  up  a  point  is 
reached  at  which  the  1  mm  copper  diaphragm  separating  the 
working  gas  from  the  exit  nozzle  ruptures  to  develop  a  high 
enthalpy  flow  in  the  working  section.  A  diagram  of  the  wave 
trajectories  is  shown  in  figure  2. 

The  temperature  generated  in  the  working  gas  is  a  function  of 
its  initial  pressure  (see  Table  1)  At  lower  working  gas 
pressures  the  temperature  increases  at  the  expense  of  the 
running  time. 
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TABLE  1 

HEBSIM  OPERATING  CONDITIONS 
(Oxygen  fver>  nitrogen) 


Breech  Pressure 
Barrel  Pressure 
Stagnation  Pressure 
Stagnation  Temp. 
Running  time 


2 ,000  psi 
100  psi 
1  ,700  psi 
500  K 
ca  8  ms 


4 ,000 
15 
3,500 
1  ,500 
>  1 


The  current  HEBSIM  research  programme  can  be  divided  into  four 
main  areas: 

1)  Blast  Flows 


The  study  of  blast  flows  from  guns  and  mortars  and  in 
particular  the  effect  of  reflection  and  confinement  in 
enclosed  spaces  are  being  investigated.  Here  the 
detailed  flow  is  being  used  in  support  of  a 
computational  model. 

2)  Muzzle  Brakes 


As  an  aid  to  muzzle  brake  development  measurements  of 
their  efficiency,  blade  stresses  and  propagation  of 
blast  waves  are  being  studied. 

3)  Suppression  of  Blast 


Work  on  the  suppression  of  blast  is  being  undertaken 
by  the  Intermediate  Ballistics  Division  of  RARDE. 
Although  the  primary  aim  of  this  work  is  to  reduce 
blast  from  'LAW'  type  weapons,  it  is  to  be  extended  to 
include  guns  and  mortars.  The  action  of  the 
suppressor  reduces  blast  in  two  ways:  First  the 

reduction  in  the  rate  of  release  of  energy  in  the  form 
of  high  pressure  gases  directly  reduces  the  level  of 
blast.  Secondly,  the  delay  in  releasing  the  high 
pressure  gases  causes  a  reduction  in  the  temperature 
of  the  released  gases  (due  to  thermal  losses  in  the 
suppressor ) . 

Sabot  Separation 

The  HEBSIM  facility  provides  a  visual  support  to  the 
computational  work  on  the  reverse  flow  over  and 
separation  of  sabots. 

RARDE  BALLISTIC  SIMULATOR 

Figure  3  is  a  schematic  representation  of  the  RARDE  ballistic 
simulator  or  blow-out  gun  (Ref  1).  The  driver  section  is  based 
_jon  a  30  mm  RARDEN  gun  charge  which  can  generate  up  to  407  MPa  in 
the  high  pressure  drive  chamber.  The  21  mm  diameter  working 
tube  section  is  stressed  to  a  working  pressure  of  228  MPa.  The 
working  section  consists  of  a  series  of  connected  1  m  lengths  of 
tube.  At  each  connection  a  smooth  transition  from  one.  section 
to  the  next  is  provided  by  an  adaptor  which  also  contains 


provision  tor  instrumentation .  me  vessel  ncis  oeen  ^ 
accept  a  range  of  charge  loadings  and  the  following  charge 
configuration  s 


Flour*  a 


BALLISTIC  SIMULATOR 


Flash 

datarmlnatlon 

zona 


zona 


1 )  Brass  Cased 

The  vessel  can  accept  propellant  contained  in  a 
conventional  30  mm  brass  HARDEN  case.  The  projectile 
is  not  included  and  the  case  is  capped  with  a 
consumable  disc.  The  RARDEN  case  contains  a 
percussion  primer  which  is  used  for  the  initiation, 

In  this  mode  the  effect  of  wear/flash  reducing 
additives  to  the  charge  can  be  studied. 

2)  Stub  Case 

In  order  to  study  the  effect  of  wear/flash  reducing 
additives  when  added  to  the  combustible  cartridge  case 
material,  a  stub  cased  RARDEN  ammunition  with  a 
combustible  forward  end  can  also  be  fired.  Again  the 
ammunition  does  not  have  a  projectile  and  is 
percussion  fired. 

3)  Bulk  Loaded 

In  addition  to  case  obturation  as  used  in  1  and  2 
above,  the  vessel  has  provision  for  obturation  sealing 
rings  and  can  therefore  be  fired  using  non-cased 
propellant.  With  this  option  the  percussion  firing 
mechanism  is  replaced  with  an  electric  vent  tube 
initiation  system. 

The  rupture  pressure  of  the  copper  burst  disc  can  be  varied  by 
varying  its  thickness  from  2  to  10  mm 
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Flash  suppression  by  additives  to  either  tne  propenam.  «i 
combustible  cartridge  case  will  be  studied  concurrently  with 
wear  assessment.  The  main  problem  with  addition  of  the 
additives  to  the  combustible  cartridge  case  is  that  the  majority 
of  the  materials  to  be  assessed  are  water  soluble  and  their 
addition  is  not  commensurate  with  the  current  UK  practice  of 
forming  these  cases  from  aqueous  slurries.  However  we  are 
investigating  the  possibility  of  manufacture  by  reaction 
injection  moulding  which  could  overcome  this  problem.  It  is 
intended  to  commence  this  work  using  additives  such  as  sodium 
and  potassium  salts,  talc  and  titanium  dioxide, 


It  is  proposed  that  using  this  simulator  vessel  flas 
studied  jointly  along  with  erosion  and  two  phase  fl 
Erosion  will  be  assessed  by  the  rate  of  removal  of 
the  surface  of  the  wear  assessment  zone.  Flash  will 
at  the  muzzle  end  using  high  speed  temperature 
techniques  available  within  the  Internal  Ballistics 
RARDE.  Laser  Doppler  anemometry,  heat  flux  gauges  a 
measurement  will  also  be  used  to  characterise  the  fl 
gas  in  the  simulator.  The  development  of  high 
sampling  techniques  is  also  under  consideration. 


h  will  be 
ow  studies, 
metal  from 
be  assessed 
measuring 
Branch  at 
nd  pressure 
ow  of  hot 
speed  gas 


INSTRUMENTATION 


In  addition  to  the  normal  ballistic  instrumentation  techniques 
of  pressure  and  high  speed  photographic  methods  RARDE  have  been 
developing  the  techniques  of  single  beam  Laser  Doppler 
anemometry  to  study  particle  velocities  both  within  and  outside 
of  the  gun  barrel.  Modifications  have  been  made  to  the 
equipment,  to  additionally  allow  measurements  of  the  transient 
temperatures  in  the  region  of  muzzle  flash. 

Laser  Doppler  Anemometry 

The  problems  associated  with  measurement  of  velocity  fields 
behind  the  projectile  in  a  gun  barrel  using  laser  Doppler 
anemometry  techniques  was  initially  investigated  for  the 
Internal  Ballistic  Division  of  RARDE  in  1980.  The  original 
incentive  was  to  obtain  an  increased  understanding  of  the 
mechanisms  of  gun  barrel  erosion  and  in  particular  to  understand 
the  mechanism  by  which  powder  additives  reduce  the  heat  transfer 
in  gun  barrels. 

The  Laser  Doppler  Anemometer  chosen  for  this  application  was  the 
single  beam  system  developed  by  the  Institute,  Saint  Louis  (Ref 
2).  In  this  system  a  Michelson  interferometer  is  used  to  measure 
the  Doppler  shift  in  the  light  from  a  single  focused  laser  beam 
scattered  by  moving  particles  in  the  flow.  A  schematic  diagram 
of  the  electro-optica  is  given  in  figure  4.  The  laser  light 
scattered  from  the  particles  in  the  flow  is  collected  and  fed  to 
the  interferometer  by  fibre  optics.  After  passing  through  a 
Pockels  cell  two  modeB  of  linear  polarisation  are  separated  and 
passed  through  different  path  lengths  in  a  Michelson 
interferometer.  The  two  beams  recombine  and  polarisation  modes 
are  mixed  by  a  second  polarising  beam  splitter.  The  two 
photomultipliers  measure  the  complementary  light  power  signals: 


PI  ■  PoCos2  (nL/A) 
P2  ■  PoSin2(m,/A) 


where  A  is  the 
wavelength,  Po  is 
the  incident  light 
power  to  the 
interferometer  and  L 
the  difference  in 
optical  path 
lengths . 


If  A  is  gradually 
changed  the 

photomultipliers  see 
a  series  of  light 

and  dark  fringes, 
the  two  signals 
always  being  in 

antiphase.  In 

practice 

variations  are 

produced  by  the 
Doppler  shift  of 

light  scattered  from 
particles  in  the 
flow.  It  is 

possible,  though 
inconvenient  to 

monitor  Pi  and  P2  during  a  firing  and  convert  these  signals  to  a 
measurement  of  A  and  thus  particle  velocity.  Instead  the 
interferometer  incorporates  a  feedback  system  with  the  signals 
PI  and  P2  being  fed  to  a  difference  circuit. 

The  signal  difference  is  amplified  and  fed  to  the  Pockels  cell 

in  the  input  of  the  interferometer.  The  net  effect  is  to  keep 

PI  and  P2  equal  to  each  other  by  monitoring  a  constant  value  of 
the  ratio  L/A  .  This  arrangement  generates  a  Pockels  cell 
voltage  directly  proportional  to  the  change  in  scattered  light 
wavelength  and  hence  to  the  particle  velocity. 

In  practice  the  4.5  watt  argon  ion  laser  and  the  laser  Doppler 

anemometer  are  housed  remotely  from  the  gun  and  connected  to  it 

by  fibre  optic  cables.  Additional  protection  from  ground  shock 
is  also  provided. 

The  use  of  a  4.5  watt  laser  did  permit  some  measurement  of 
thn-bore  velocities  using  sapphire  windows  in  the  wall  of  a  30  mm 
smooth  bore  gun.  However  the  high  optical  density  and 
luminosity  effects  necessitated  the  gun  being  fired  at  reduced 
charge  levels.  Further  improvements  have  been  made  with  the 
effects  of  luminosity  being  reduced  by  the  introduction  of  an 
Etalon  narrow  band  filter. 

More  successful  were  the  measurement  made  in  the  exhaust  region 
of  the  gun  and  in  the  region  of  muzzle  flash.  In  particular  the 
particle  velocity  profile  across  a  plane  53  mm  downstream  of  a 
pressure  vessel  exit  has  been  established  (Fig  5)  . 
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The  black  body  radiative  power  emitted  in  wavelength  d A  and 
centred  on  A  is: 
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EA  “ 


exp ( hcw/kT) -1 


where  E»  is  the  radiated  energy  at  the  given  frequency 
0  is  the  frequency 
T  is  the  absolute  Temperature 
C,c,k,h  are  constants 

For  finite  wavelengths  this  reduces  to: 

Eid A  ■  Cw 8  . d A 

exp(phw)-! 

where  p  is  the  constant  c/kT 

Thus  the  ratio  of  powers  due  to  2  equal  band  wavelengths  is: 
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In  practice  the  optical  filters  used  were  488  nm  and  514'. 5  nm 
The  ratio  of  black  body  emitted  powers  reduces  to: 
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R  *  pexp(-C'/T) 

where  constants  p  «  1.30265  and  C'  *  1519.  The  measurement  of 
this  ratio  (R)  for  the  two  quoted  wavelengths  over  the  500  to 
5000  K  temperature  range  will  yield  a  temperature  of: 

T  -  1519 

Ln ( 1 . 30265/K ) 

It  is  observed  that  there  is  a  good  range  in  the  ratios  even 
though  the  wavelengths  used  are  relatively  close  together.  For 
the  temperatures  of  interest  the  selection  of  wavelengths 
centred  around  488  and  514.5  nm  gives  a  usable  range  from  500  to 
5000  K  (Figure  6 ) . 
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The  photocurrents,  typically  a  few  microamps,  are  passed  through 
a  load  resistor  and  the  voltage  across  the  resistor  monitored. 

The  electronic  circuit  (Figure  7)  is  used  with  the  standard 
photomultipliers.  A  variable  load  resistor  for  each 
photocurrent  is  placed  across  the  inputs  of  an  amplifier. 

In  practice  the  measured  ratio  varies  from  that  predicted  by  a 
constant  multiplying  factor  which  is  a  function  of  the  following 
experimental  conditions: 
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transmission 
characteristics 
of  the  optical 
filters  used. 

2)  The  values  of 

the  load 

resistors . 

3)  The  quantum 
efficiency  of 
each 

photomultiplier 
over  the 

wavelength  range 
defined  by  the 
filters . 

The  system  was  therefore  calibrated  at  a  single  point  (1775  K). 
This  temperature  was  obtained  from  a  calibrated  tungsten 
filament  lamp. 

The  system  has  been  used  in  practice.  Figure  8  shows  a  recording 
obtained  from  a  small  charge  firing  in  a  30  mm  smooth  bore, 
short  barrel  gun.  In  addition  to  the  temperature  measurement 
the  light  level  at  514.5  nm  is  plotted.  The  recording  is  seen 
to  slow-up  in  its  response  as  the  light  level  reduces. 
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CONCLUSIONS 

In  the  past,  flash  and  flash  suppression  has  not  been  studied  as 
a  specific  research  topic  but  has  been  examined  on  a  project  by 
project  basis.  In  particular  tank  guns  and  mortars  have 
attracted  some  work.  It  is  now  the  intention  of  the  Internal 
Ballistics  Branch  at  RARDE  to  take  a  more  active  interest  in 
this  subject,  although  available  resources  will  be  low. 
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1.  INTRODUCTION 

This  paper  presents  a  suninary  and  review  of  the  Plume  Technology  Group's 
work  in  flame  suppression  over  the  last  five  years  or  so.  Much  of  the 
work  has  been  published  previously  and  is  referenced  accordingly. 

One  feature  of  chemically  propelled  rockets  which  has  critical 
importance  in  the  control  of  secondary  combustion  is  that  the  gases 
expelled  at  high  velocity  from  the  no2zle  of  a  rocket  motor  are  usually 
fuel-rich.  There  are  several  reasons  for  this:  high  specific  impulse  is 
favoured  by  low  molecular  weight,  of  combustion  products,  and  Ho  has  the 
lowest  molecular  weight  of  all;  fuel-rich  solid  propellants  offer 
advantages  in  manufacture  and  stability;  and  lower- oxidiser  combustion 
products  are  less  likely  to  cause  nozzle  erosion.  The  disadvantage  in 
the  exhaust  context  is  that  the  unbumed  fuel,  the  sum  of  the  mole 
fractions  of  hydrogen  and  carbon  monoxide  sometimes  exceeding  0.5,  may 
bum  upon  mixing  turbulently  with  ambient  air  and  produce  a  substantial 
elevation  of  tenperature  in  the  exhaust  plume,  giving  rise  bo 
carmunications  problems  and  greatly  increased  signature.  (This  external 
burning  is  called  "secondary  combustion"  in  the  U.K.  but  "afterburning" 
in  the  U.S.A. )  It  may,  on  the  other  hand,  fail  to  undergo  rapid 
oxidation  because  ignition  does  not  take  place.  Factors  determining 
whether  or  not  such  secondary  ccmbustion  occurs  include  not  only  the 
velocity  and  altitude  of  the  missile,  the  motor  thrust  level,  the 
pressure,  tenperature  and  fuel  index  at  the  nozzle  exit,  the  presence  of 
a  base  recirculation  region,  but  also  the  presence  or  absence  of  certain 
combustion-inhibiting  additives,  of  which  potassium  is  an  inportant 
example.  Substantial  experimental  evidence  exists  that  derivatives  of 
potassium  are  capable  of  suppressing  combustion  in  exhausts  of  rocket 
motors, 

The  purpose  of  thi3  paper  is  to  describe  the  application  of  the  latest 
version  4  of  the  rocket  exhaust  plume  program  REP3  to  predicting  whether 
or  not  secondary  combustion  occurs  in  the  exhaust  of  a  particular  rocket 
motor  with  small  proportions  of  potassium  additive  incorporated  in  its 
solid  propellant.  The  FEP3  model  has  been  successful  in  accounting  for 
a  variety  of  experimental  observations  on  exhausts  whose  secondary 
oombustion  is  unsuppressed,  5»6.  The  method  used  stems  from  coupling 
together  a  two-equation  turbulence  model,  7.  and  a  detailed  treatment  of 
non-equilibrium  chemistry,  ®,  The  model  is  used  here  to  demonstrate  the 
signature  reductions  arising  frcm  the  suppression  of  secondary 
combustion  but  its  application  in  determining  the  precise  amount  of 
additive  necessary  for  flame  suppression  in  this  especially  challenging 
borderline  region  of  marginal  combustion  has  focussed  attention  on  some 
of  its  inherent  weaknesses.  Fundamental  deficiencies  in  its  treatment 
of  interactions  between  turbulence  and  chanical  rate  fluctuations  have 
been  recognised,  9.  A  new  procedure,  1°,  REX,  has  been  formulated  which 
is  intended,  when  fully  developed,  to  provide  a  more  realistic 
description  of  such  turbulence  influences  on  chemical  reactions  in  the 
near-nozzle  regions  \rtiare  turbulence-chemistry  processes  may  critically 
influence  plume  ccmbustion. 


: 
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2.  CHEMISTRY  CF  FLAME  SUPPRESSION 


Secondary  combustion  of  expelled  fuel -rich  products  -  principally  00  and 
H,  -  is  a  major  cause  of  high  exhaust  signature  and  communications 
problems.  Secondary  combustion  takes  place  v*ien  the  sequence  of  chain 
branching  chemical  reactions 

H  +  O2  *  CH  +  0 
0  +  H2  *  OH  +  H 

and  the  chain  propagation  reaction 
OH  +  H2  »  H20  +  H 

produces  active  free  radicals  like  ,  H,  OH  and  0  faster  than  these 
radicals  can  be  removed  by  the  chain  termination  processes  of  mixing  and 
such  slow  chemical  recombination  aided  by  energy-removing  collision 
partners  M,  as 


and 


H  +  H  +  M»H2+M 


H  KH  +  M  »  H20  +  M 

The  burning  of  carbon  monoxide#  which  takes  place  concurrently  with  that 
of  hydrogen,  tends  bo  propagate  the  combustion  sequence  rather  than  to 
result  in  net  production  or  removal  of  radicals  because  the  principal 
reaction  controlling  the  oxidation  of  CO 

00  +  CH  ■>  002  +  H 


8 


simply  replaces  one  active  radical  by  another . 

The  removal  of  flame  radicals  may  be  accelerated  if  an  appropriate 
catalyst  is  present  in  the  exhaust.  If  acceleration  is  sufficient 
secondary  combustion  may  be  prevented  altogether;  the  excess  fuel  then 
simply  mixes  with  the  ambient  air  and  is  eventually  oxidised  very  slowly 
at  high  dilution. 

Potassium  compounds  have  been  demonstrated  experimentally  3  to  be 
effective  suppressors  of  exhaust  secondary  combustion  for  double  base 
propellant  motors  for  a  considerable  range  of  thrust  levels  (20 ON  -  12 
kN).  The  mechanism  of  the  effect  has  been  interpreted  ^,12  in  terms  of 
the  kinetics  of  the  radical -removing  reactions. 

K  +  0H  +  M  *  K0H  +  M 
HDH  +  H  »  K  +  H2O 

This  mechanism  has  been  shown  bo  be  effective  11  in  explaining  the 
accelerated  removal  of  hydrogen  atoms  observed  when  potassium  was  added 
to  fuel-rich  flames  at  concentrations  [K]c  of  3  x  lO^  -  3  x  10^5 
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molecule  cm“ 3  (mole  fractions  between  10“4  and  10”3)  as  potassium 
dipivaloylme  thane.  Thermochemical  data  available  13-15  strongly 
suggests  that  potassium  containing  species  such  as  KH,  KO  and  VO  2  are 
present  at  concentrations  too  small  (five  or  six  orders  of  magnitude 
smaller  than  [K])  in  these  fuel  rich  flames  to  significantly  influence 
the  kinetics  of  the  radical  reconbination  processes.  The  mechanism 
adopted  here  consists  of  the  two  reactions  above  with  the  rate 
coefficients  and  uncertainty  factors  of  Ref  11. 

Other  potential  inhibitors  of  secondary  combustion  have  been  considered, 
but  potassium  appears  to  be  as  useful  as  any.  Sodium  gives  rise  to  a 
mechanism  analagous  to  reactions  (7)  and  (8),  l6,  but  weight  for  weight 

?robably  offers  inferior  prospects.  The  alkaline  earths  1/1',  iron 
'18,  cobalt  18  and  molybdenum  and  tungsten  1/20  have  also  received 
detailed  attention.  One  important  requirement  of  a  suppressing  additive 
is  that  it  should  produce  active  gas  phase  species  in  the  exhaust  rather 
than  condensed  products.  This  is  a  condition  that  several  otherwise 
suitable  additives  ray  not  meet.  It  is  to  the  advantage  of  the 
potassium  additives  that  the  free  metal  and  hydroxide  produced  in  the 
exhaust  have  adequately  high  vapour  pressures  13. 

The  set  of  reversible  chemical  reactions  and  rate  coefficients  used  for 
the  exhaust  plume  (and  nozzle)  calculations  is  shown  in  Table  1. 
Reactions  (1)  to  (17)  constitutes  a  basic  combustion  mechanism  for 
hydrogen  and  carbon  monoxide,  HO2  reaction  being  included  because  they 
may  be  expected  to  play  some  part  in  influencing  onset  of  secondary 
combustion  under  borderline  conditions.  To  this  basic  set  are  added  the 
reactions  of  K,  KOH  and  KOj.  Lead  is  treated  as  being  present  in  the 
form  of  chemically  inert  particles  that  follow  gas  streamlines .  Rate 
coefficients  and  uncertainty  factors  for  reactions  (1)  to  (17)  are  taken 
from  Ref  8  and  thermochemical  data  for  the  species  involved  from 
Ref  (13).  For  Reactions  (18)  and  (19),  rate  coefficients  are  taken  from 
Ref  ( U )  and  thermochemical  data  again  f  ran  Ref  ( 13 ) .  For  the  species 
K-O2  a  bond  energy  of  170 *25  kj  mol"l  has  been  assumed  H  giving 
Keq20  ■  7.0  x  lO-24  exp  (19500/T)  ml  molecule-^.  Rate  coefficients  of 
reaction  (20)  are  taken  from  ref  (21). 

3.  APPLICATION  OF  REP  MODEL  TO  SECONDARY  COMBUSTION  SUPPRESSION 

Previously  a  comprehensive  study  was  made  8  of  the  predicted  extent  of 
secondary  combustion  in  the  initially  fuel-rich  exhaust  of  a  particular 
double  base  propellant  rocket  motor  with  ah  axisynmetric  (single  nozzle) 
exhaust  and  a  negligible  base  recirculation  region.  The  present  section 
is  designed  to  provide  an  update  of  the  current  best  estimates  for  these 
predictions  using  the  latest  version  of  REP3.  The  computational 
procedure  employed  in  predicting  rocket  exhaust  plume  properties  is 
sumnarised  in  Figure  1.  Calculations  ware  made  for  zero  rocket  velocity 
and  ambient  pressure  and  temperature  of  lOOkN  nr  2  (approximately  one 
atmosphere)  and  28 BK  respectively.  The  nozzle  exit  conditions  of  the 
double-base  solid  propellant  rocket  motor  used  in  the  present  study  are 
shown  in  Table  2.  In  the  calculations  of  these  conditions,  chemical 
equilibrium  was  assumed  to  be  established  in  the  combustion  chamber,  but 
appropriate  allowance  was  trade  for  nonequilibrium  effects  in  the  nozzle. 
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The  concentrations  of  the  major  species  H2#  CD,  OO2,  H2O  and  N2  do  not 
vary  significantly  with  the  proportion  of  potassiun-containing  additive 
in  the  propellant.  Those  of  the  minor  species  do  change  with  additive 
level;  the  higher  this  level,  the  greater  the  rate  of  recombination  in 
the  nozzle  of  the  free  radicals  present.  Slight  variations  of  exit 
temperature  and  pressure  with  the  additive  level  are  also  apparent. 

Exhaust  structures  (distributions  in  space  of  temperatures ,  velocities, 
pressures,  species  concentrations  and  turbulence  properties  are 
calculated  by  the  computer  program  REP 3  (Rocket  Exhaust  Program)  which 
allows  for  turbulent  mixing  of  the  nozzle-effluent  and  ambient-air 
streams,  for  the  many  chemical  reactions  occuring,  and  for  gas  dynamic 
features  of  shocks.  The  REP3  code  incorporates  a  two-equation 
turbulence  model  and  uses  an  implicit  numerical  technique  to  solve  the 
fully  coupled  turbulent  boundary-layer  and  chattical  rate  equations.  The 
values  used  for  the  empirical  turbulence  modelling  oonstants  in  Ref  (9) 
used  in  the  present  work  are  given  in  Table  3.  The  two  turbulence 
variables  for  which  transport  equations  were  solved  were  the  turbulent 
kinetic  energy  k  and  the  eddy  energy  dissipation  rate  & .  The  eddy 
viscocity  coefficient  ix,  governing  the  local  mixing  rate,  is  given  by 
(*  Cnk2t-1  and  the  length  scale  1  characteristic  of  the  energy-containing 
eddies  is  obtained  from  Cokl*5*-*  (where p  is  the  density  and  Co  is  a 
turbulence  model  constant) 

Full  descriptions  of  the  FEP3  program  have  been  given  elsewhere  22,23 
and  will  not  be  repeated  hare.  Certain  deficiencies  in  the' 
incorporation  of  the  chemical  reactions  into  the  REP3  computer  program 
have  also  been  identified  and  described  elsewhere  24 .  The  latest 
version  of  REP 3 4  has  been  demonstrated  to  overcane  these  deficiencies  25 
and  has  new  been  applied  to  the  prediction  of  the  onset  of  secondary 
combistion.  it  is,  however,  worth  noting  sane  important  assunptions 
implicit  in  the  formulation  of  REP3. 

(1)  The  flow  is  assumed  to  be  quasi -steady:  the  average  motion  is 
steady  and  the  governing  equations  are  time-averaged. 

(2)  The  flow  is  treated  as  locally  incompressible. 

(3)  Turbulent  density  fluctuations  are  neglected. 

(4)  The  Reynolds  stresses  are  taken  to  be  expressible  in  terms  of  mean 
velocity  gradients  via  introduction  of  the  eddy  viscosity/*;  the 
conservation  equations  for  energy  and  species  concentration  are 
closed  by  appropriate  gradient  approximations. 

(5)  It  is  assumed  that  no  detailed  explicit  account  need  be  taken  of 
molecular  transport  as  a  rate-determining  process. 

(6)  The  laminar  viacocity  is  taken  to  be  small  by  comparison  with  the 
turbulence  eddy  viscocity;  the  latter  is  expressed  in  terms  of  the 
two  variables  k  and  E,  for  vhich  conservation  equations  are  solved. 

(7)  Coupling  of  fluid  dynamic  and  chsnical  effects  is  assumed  to  be 
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accomplished  legitimately  by  combining  local  time-mean  values. 

(8)  The  flow  is  treated  as  adiabatic. 

(9)  Turbulence  is  taken  to  be  locally  isotropic. 

Some  of  these  assumptions,  such  as  (6),  may  readily  be  justified  as 
acceptable  for  a  wide  variety  of  free  turbulent  flcwfields.  Others  such 
as  (5)  may  be  argued  to  be  reasonable  in  the  present  context,  although 
not  in  many  others.  Still  ether  assumptions  -  notably  (3)  and  (7)  are 
likely  sources  of  significant  error.  Substantial  attention  to  (7)  will 
be  given  later. 

3.1  [K]m<n  required  for  flame  suppression 

Prom  the  exhaust  structure  calculated  by  REP3  the  centre-line 
distribution  of  temperature  is  used  as  a  criterion  of  secondary 
combustion.  In  Figure  2,  line  1  the  marked  continuous  rise  in 
temperature  with  increasing  axial  distance  x,  which  occurs  before 
falloff  at  larger  x  is  indicative  that  secondary  canbuation  is  present 
(The  spatial  fluctuations  in  temperature  close  to  the  nozzle  exit,  due 
to  shock  structure  are  readily  distinguishable  from  this  rise) .  In 
chemical  terms,  the  rate  of  chain  branching  exceeds  that  of  chain 
termination  sufficiently  for  rapid  heat-releasing  oxidation  of  hydrogen 
and  carbon  nonoxide  to  take  place.  Lines  2  and  3  of  Fig  2  are  axial 
temperature  profiles  calculated  for  different  levels  of  potassium 
additive  incorporated  in  the  propellant  but  inputs  otherwise  identical 
to  those  used  to  produce  line  1  ;  line  2  corresponds  to  the  presence  of 
secondary  combustion  but  line  3  (for  the  highest  level  of  potassium)  to 
its  absence. 

Because  onset  or  suppression  cf  secondary  combustion  under  borderline 
conditions  depends  on  the  outcome  of  a  delicately  poised  corpetition 
between  chain-branching  and  chain- termination  steps,  the  sensitivity  of 
[K]min,  the  predicted  minimum  weight  percent  of  potassium  in  the 
propellant  required  for  secondary  combustion  to  be  suppressed,  to  a  wide 
range  of  input  quantities  is  hardly  surprising.  Uncertainties  in  these 
input  quantities  for  the  present  model  procedure  lead  to  substantial 
uncertainties  in  predictions  of  [Klmin.  In  particular  a  more  precise 
characterisation  of  turbulence  model  constants  remains  a  clear  need  in 
the  context  of  secondary  combustion  suppression.  However,  the 
previously  reported  sensitivity  of  [K]min  to  KO2  chemistry  has 
disappeared  with  the  present  calculations.  This  stems  from  the  changed 
value  of  the  thermochemical  stability  of  KO2  described  earlier. 

Similarly  brief  checks  have  indicated  no  sensitivity  to  KO  chemistry. 

For  the  conditions  described  above  the  current  best  estimate  for  [KJmin 
would  be  1.7%,  to  which  would  be  attached  a  factor  of  uncertainty  as 
large  as  5.  For  the  rocket  motor  considered  the  measured  minimum  weight 
percent  of  potassium  in  the  propellant  required  for  suppression  of 
secondary  combustion  is  approximately  0.3.  This  discrepancy  between 
best  values  from  theory  and  experiment  does  not  in  itself  immediately 
cast  doubt  on  the  model  formulation  because  the  uncertainties  in  the 
predictions  iirposed  by  these  in  the  inputs  are  so  large.  However,  with 
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the  practical  demands  for  more  precise  predictions  of  secondary 
combustion  onset  a  critical  examination  of  assuirption  (7)  in  the 
formulation,  relating  to  the  influence  of  turbulent  fluctuation  on  the 
chemical  reactions,  is  given  below  in  section  4. 

3.2  Signature  Inplications  -  Infrared  Radiation 

The  effect  of  flame  suppression  on  OO2  infrared  radiation  snissions  at 
spectral  wavelengths  4.1-4.9^m  is  illustrated  in  Figure  3  For  the  first 
case  < secondary  combustion  present),  propellant  was  taken  to  contain 
typical  trace  levels  of  sodium  and  potassium  at  50  ppm.  For  the  second 
case  (secondary  combustion  suppressed) ,  the  propellant  differed  only  in 
that  it  contained  2%  by  weight  potassium.  Rgrfiation  levels  correspond 
to  small  elements  of  the  exhaust,  along  lines  of  sight  passing  through 
the  flame,  as  a  function  of  the  axial  distance  from  the  nozzle  exit. 

The  radiation  level  in  this  waveband  for  the  whole  exhaust  was  about  a 
factor  of  40  lower  when  secondary  combustion  wes  suppressed.  Most  of 
the  reduction  was  the  result  of  lowered  tenperatures  and  reduced  plume 
size,  although  local  OO2  concentrations  dropped  by  factors  between  2  and 
3  when  combustion  was  prevented. 

3.3  Signature  Implications  -  Sodium  Resonance-Doublet  Radiation 

Figure  4  presents  relative  intensities  of  sodium  resonance-doublet 
emissions  as  functions  of  spectra),  wavelengths  for  the  unsuppressed  and 
suppressed  exhaust  f lamas  considered  in  the  previous  section.  The  peak 
intensities  are  reduced  by  factors  of  well  over  1000  when  secondary 
combustion  is  suppressed.  The  peaks  of  potassium  resonance-line 
doublets  also  fell,  by  factors  of  about  1000,  in  spite  of  the  fact  that 
the  suppressed  flame  contained  much  higher  concentrations  of  potassium. 

3.4  Signature  Inplications  -  Micrcwave  Attenuation 

Metallised  propellant  ingredients  are  considered  to  be  the  major  source 
of  free  electrons  in  rocket  exhausts.  Nevertheless,  raising  propellant 
mass  fractions  of  potassium  to  levels  resulting  in  combustion 
suppression  reduces  electron  concentrations,  As  a  consequence,  both 
attenuation  and  scattering  of  microwave  radiations  are  significantly 
reduced.  Figure  5  illustrates  the  predicted  effects  on  the  attenuation 
of  a  microwave  beam  transmitted  through  the  exhaust  of  the  motor 
discussed  in  Section  3.1,  Most  of  the  reduction  arises  from  lowered 
electron  concentrations,  although  some  is  due  to  a  change  in  plume 
shape. 

4.  KINETIC  SCALES  OF  TURBULENCE  AND  CHEMISTFY 


When  the  description  of  a  flame  turbulence  field  is  formulated  in  terms 
of  k  and  s,  the  tractable  set  of  equations  of  wide  applicability  that 
results  enables  much  useful  information  to  be  generated  A  penalty 
paid  for  the  convenience  and  tractability  of  this  description,  however, 
is  that  physical  insight  is  lost  into  the  nature  of  contributions  frem 
eddies  of  different  scales  .  In  order  to  regain  some  such  insight  for  a 
rocket  exhaust,  one  should  consider  the  likely  shape  of  the  wave  number 
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distribution  of  eddy  energy  in  this  flame  This  shape  (cf.  Refs.  [26,  27] 
is  shown  in  Fig.  6,  the  ordinate  E(k)  being  in  arbitrary  units.  Also, 
the  eddy  energy  dissipation  function  is  proportional  to  k2E(k) . 

Reference  is  conveniently  made  to  various  arbitrary  length  scales  of 
turbulence  in  the  following  paragraphs.  The  length  scale  Lq  is  that  of 
the  largest,  energy-absorbing,  eddies,  which  is  of  the  same  order  as  the 
exhaust  half  width.  Next  largest  is  the  length  scale  1  of  the 
energy-containing  eddies,  identified  with  The  length-scale 

lx  is  that  of  eddies  toward  the  high  wave  number  end  of  the  inertial 
subrange  but  well  to  the  low  k  side  of  the  dissipating  range,  whereas  ls 
is  associated  with  the  very  smallest  eddies  in  the  dissipating  range  and 
is  given  by  ls  a  (yV  t  J*/4 1 26, 27].  The  numerical  values  for  wave 
numbers  corresponding  to  these  scales  shown  in  Fig.  6,  and  values  for 
the  other  quantities  used  below,  are  given  for  the  position 
(x  ■  0.5  m,  r  »  0)  in  an  exhaust  with  a  structure  calculated  for 
Ci  ■  1.57,  Te  ■  1335°K,  0.5%  by  weight  of  potassium  in  the  propellant, 
and  KO2  omitted.  Here  Lq  “  0.06  m,  1  ■  5  x  10”3  m,  lx  ■  3  x  10“4  m,  and 
18  ■  1  x  10“5  m,  Other  local  properties, take  the  values 
k  ■  5.7  x  104  m2  s"2 .  c,  •>  2.6  x  10®  m2  s «  1.1  m2  s”1,  and 
V  ■  1.3  x  1(T4  m2  s“l.  No  special  significance  attaches  to  the 
selection  of  the  particular  input  quantities  and  positions  Ary  other 
location  in  that  part  of  an  exhaust  relevant  to  secondary  combustion 
would  have  been  equally  suitable. 

Intrinsic  characteristic  times  may  be  associated  with  creation  of  eddies 
of  different  sizes.  The  time  ti  for  formation  of  eddies  of  size  Lo  will 
be  xLq/u  (cf.,  e.g.  Ref [28];  with  u  ■  2  x  103  ms“l  and  Lq  *  0.06  m,  ti 
3  x  10“ 5s.  The  time  t2  for  the  creation  of  eddies  of  size  1  is 
similarly  *l/u‘,  which,  with  1  «  5  x  10“3  m  and  u'  ■  200  m  a-1,  gives 
t£  2  x  10“5s.  The  velocity  ux  associated  with  motion  of  eddies  in  the 
inertial  subrange  is  *[^3  kl.8  2/3jc“5/3]V2  (see,  e.g.,  Ref  [27]),  and 
the  characteristic  time  t3  ?or  formation  of  eddies  of  length  scale  lx, 
given  by  lx/ux,  is  greater  than  1  x  10“5s.  The  creation  of  eddies 
containing  the  bulk  of  the  turbulence  kinetic  energy,  and  the  creation 
of  eddies  in  the  inertial  subrange  thus  have  associated  with  them  rather 
similar  characteristic  times.  A  significant  loss  of  physical  realism 
therefore  accompanies  the  lack  of  separate  allowance  for  these 
processes,  which  is  implied  by  the  formulation  of  the  f.lcwfield 
description  in  the  KEP3  model.  In  particular,  the  need  for  a  more 
realistic  treatment  of  the  formation  of  energy-absorbing  eddies  is 
clear,  especially  for  those  near-field  regions  of  the  exhaust  where  eddy 
creation  dominates  over  convective  transport  in  determining  local  values 
of  k, 

It  is  instructive  to  compare  ti  -  ti  with  the  characteristic  times  t4 
associated  with  chemical  reactions  In  the  exhaust.  The  latter  vary 
greatly  with  the  reaction  type.  For  a  fast  bimolecul&r  exchange 
reaction,  the  relaxation  tire  (i.e.,  the  time  for  significant  progress 
toward  the  position  of  equilibrium  or  balance  of  the  reaction)  may  be 
<10“  7  s.  For  a  slow  three-body  radical  recanbination  like  Reaction 
(3),  this  time  may  be  in  excess  of  10“2  s.  In  any  one  rocket  exhaust, 
values  of  t^;  anywhere  between  these  rough  limits  are  likely  to  be 
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encountered.  For  an  exhaust  with  borderline  secondary  aombustion, 
ccnparison  between  t]_  -  t3  and  t4  for  the  key  chain-branching 
Reaction  (8)  in  Table  1  is  especially  revealing.  At  (x  ■  0.5  m,  r  ■  0) 
in  the  exhaust  under  consideration,  [Oj]  is  predicted  to  be  4.7  x  1017 
molecule  ml“l,  T  -  1200#K,  and£&2  x  10”13  ml  nolecule“ls"l .  Time  t4 
for  this  reaction,  given  by  t4  (ki  tOgD"1#  is  therefore  about  10"5  a, 
of  the  same  order  as  -  ti.  Errors  in  prediction  of  secondary 
combustion  onset  must  therefore  inevitably  arise  both  from  inadequacies 
in  the  description  of  development  of  macroscopic  eddies  and  from  the 
lack  of  an  appropriate  treatment  of  scalar  fluctuations  and  their 
interactions . 

5.  THE  REX  CODE 

The  REX  code  incorporates  a  new  plume  structure  model  1°  which  attempts 
to  renedy  the  deficiencies  described  in  section  4  with  regard  to  the 
need  to  describe  adequately  the  processes  of  large  eddy  formation  and 
the  influence  of  turbulence  induced  fluctuation  in  concentrations  and 
temperature  on  the  chemical  rate  processes.  To  allow  for  fluctuations 
in  a  wholly  Eulerian  analysis  for  a  complex  multi-step  chemical 
mechanism  involves  a  formidable  extension  to  previous  studies  29-32, 

The  turbulence-chemistry  plume  model  used  in  REX  circumvents 
difficulties  associated  with  a  wholly  Eulerian  analysis  by  incorporating 
a  time  -  evolution  Lagranglan  description  of  conditions 
within  representative  shear -layer  eddies.  The  turbulence-chemistry 
analysis  is  based  on  a  Lagrangian-Eulerian  model  developed  at  RARDE  from 
the  ESCIMO  diffusion  flame  theory  33  proposed  by  Professor  D.B. 

Spalding,  Imperial  College,  London.  Eddy-fold  structured 
representations  of  plume  turbulence  are  computed  with  detailed 
descriptions  of  chemical  processes  evolving  within  individual  folds. 

The  analysis  is  applied  only  to  near-nozzle  regions  where 
turbulence-chemistry  processes  may  critically  influence  plume 
combustion.  Much  of  the  code  development  work  is  now  complete  but  it 
contains  many  assumptions  and  approbations  which  require  further 
numerical  investigation  and  mathematical  analysis.  As  calculations  are 
performed  for  more  complex  and  progressively  more  realistic  conditions, 
tha  nerits  of  the  method  will  become  quantifiable.  Ultimately,  success 
will  be  determined  by  detailed  comparison  of  RB^REP3  plume  predictions 
with  experimental  measurements  of  flame  suppression. 
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Cq,  Ci  -  constants  in  turbulence  model 

E(k)  -  (energy  in  turbulence  eddy  energy  spectrum  at  wave 

numbers  between  k  and  k  +  dk/dk 

k  -  turbulent  kinetic  energy 

Ki  -  equilibrium  constant  of  ith  reaction 

k  -  wave  number  in  turbulence  eddy  energy  spectrum 

l>o,l,lx,l8  -  length  scales  of  turbulence 

r  -  radial,  coordinate  (-0  on  exhaust  axis) 

u  -  mean  axial  flow  velocity 

u*  -  RMS  fluctuating  part  of  axial  velocity  carponant 

x  -  axial  coordinate  (-0  at  nozzle  exit) 

G  -  eddy  energy  dissipation  rate 

Ai  -  rate  coefficient  of  ith  chemical  reaction 

/U  -  eddy  viscosity  coefficient 

V  -  laminar  kinematic  viscosity 

f  -  density 
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TABLE  1 


Chemical  Reactions  and  Rate  Coefficients 


React i on 

Forward  Rate  Coefficient3 

Uncertainty  Facto 

1 

0  +  0  ■*  M 

0,  +  A 

3  x  10“3Z|  cxp(90Q/T) 

10 

2 

0  4  H  +  M  - 

OH  4  M 

1  x  10"29  T"1 

30 

3 

H  4  H  +  H  + 

H,  +  M 

3  x  10"30  T-1 

'  30 

4 

H  4  OH  +  M 

HjO  +  H 

1  X  io“25  t"2 

10 

5 

Co  4  0  4  M 

COj.H 

7  x  10"33  exp(-2200/T) 

30 

6 

OK  +  •» 

H20  +  H 

1.9  x  10"15  T1,3  exp(- 1825/T) 

2 

7 

0  +  H,  + 

OH  +  H 

3  x  10“114  T  exp(-4480/T) 

1.5 

8 

H  4  02  ■+ 

OH  4  0 

2.4  x  10"10  exp (“S250 /T) 

1.5 

9 

CO  +  OH  ■* 

CO,  4  H 

2.8  x  10’17  T!  3  exp ( 3 30 /T) 

3 

10 

OH  +  OH  -*■ 

h2o  4  0 

1  x  10"11  exp(-550/T) 

3 

11 

H  4  02  4  M 

H02  4  M 

2  x  10"32  exp(500/T) 

10 

12 

H  4  HO-  ** 

OH  4  OH 

4  x  10"10  exp(-950/T) 

5 

13 

14 

15 

H  +  HOj  -* 

h2  +  ho2  •* 

CO  4  HOj 

H  2  +  02 

H20  4  OH 
C02  4  OH 

■4  x  lO-11  exp(-350/T) 

1  x  10"12  exp(-9400/T) 

2.5  x  10"10  exp (-1 1900/T) 

5 

10 

10 

16 

o  +  ho2  - 

OH  4  02 

8  x  10"11  exp(-500/T) 

30 

17 

OH  +  H02  f 

°2  +  H2° 

5  x  10"11 

30 

18 

KOH  +  H 

K  4  H,0 

1.8  x  10"11  exp(-100n/T) 

10 

19 

K  +  OH  4  M  ■* 

KOH  4  M 

1.5  x  10-27  T"1 

10 

20 

21 

K  +  02  *  M  - 

ko2  +  h2  - 

K02  4  H 

KOH  4  OH 

3  x  10“ 27  -]-"1 

5  x  10'12  exp(-10000/T) 

10 

100 

22 

K02  +  OH  -*• 

KOH  4  02 

2  x  in'11  exp  (-20D0/T 

30 

23 

K  +  H02 

K02  4  H 

1  x  10”11  exp(-1000/T) 

30 

a  In  ml -mol ecul c-second  units.  The  sources  of  rate  coefficients  and  uncertainty 
factors  are  given  in  the  text. 
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Kozzle  Exit  Plane  Conditions 
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At  the  \  t  plane,  the  ratio  of  RMS  fluctuating  component  of  velocity  to  jet  velocity  was  taken  to  be  0.1 
a  d  the  ..  rbuU-nct  ler  scale  1  to  be  0.1  x  the  nozzle  exit  radius.  All  properties  are  assumed  to  be 
unifoi.M  across  the  ro.rzle  exit. 


TABLE  3  Constants  Tor  the  k/e  Turbulence  Model 


c0 

= 

0.09 

°H 

=  1.0 

C, 

s 

1.44 

°M 

=  1.0 

C2 

s 

1.92 

°K 

=  1.0 

c  , 

- 

2.8 

0 

=  1.3 

gl 

C92 

= 

1.92 

c 
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FIG.  1  COMPUTATIONAL  PROCEDURE 
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T.  Kelvins 


x ,  metres 


FIG.  2 


AXIAL  TEMPERATURE  PROFILES  FOR  DIFFERENT  LEVELS  OF  POTASSIUM 
IN  THE  PROPELLANT:  Cj  »  MV,  K02  INCLUDED;  EXIT  TEMPERATURE 
APPROXIMATELY  1320  K.  CURVE  1;  0.*»  PER  CENT  BY  WEIGHT  OF 
POTASSIUM  IN  PROPELLANT:  CURVE  2;  1.0  PER  CENT:  CURVE  3;  I*7 
PER  CENT. 


UNSUPPRESSED 


COai  CO 


AXIAL  DISTANCE  (NOZZLE  EXIT  RADII) 

FIG. 3  VARIATION  OF  RELATIVE  RADIATION  EMISSIONS  FROM  CO 


IN  THE  INFRARED  WAVEBAND  4.1  -  4.9  WITH  AXIAL 
DISTANCE  FOR  UNSUPPRESSED  AND  SUPPRESSED 
SECONDARY  COMBUSTION  CONDITIONS, _ 

UNCLASSIFIED  257 


Vh/  V'-)  t*1-,  m 


FIG.b 


ASPECT  ANGLE  (DEGREES) 


FIG. 5  VARIATION  OF  MICROWAVE  BEAM  ATTENUATION  WITH 
ASPECT  ANGLE  FOR  UNSUPPRESSED  AND  SUPPRESSED 
SECONDARY  COMBUSTION  CONDITIONS.  LOG  UNITS  REFER 
TO  THE  ORIGINAL  ATTENUATION  UNITS  OF  db 
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UN'  .ASSIFiED 


16 


FIG.  6  TYPICAL  SHAPES  OF  WAVENUMBER  DEPENDENCE  OF  E(k)  AND  k2  E(k)  IN 
A  ROCKET  EXHAUST  FLAME.  THE  CURVES  ARF.  DRAWN-TO  CORRESPOND  TO 
THE  POSITION  (x  -  0.5  m,  r  ■  0)  FOR  THE  EXHAUST  STRUCTURE  ■ 
CALCULATED  WITH  Cj  -  1.57,  EXIT  TEMPERATURE  1320  K,  0.5  PER 
CENT  BY  WEIGHT  OF  POTASSIUM  IN  THE  PROPELLANT  AND  K02  OMITTED. 
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_  Suppression  Mechanism  of  Rocket  Afterburning 
Introduction 

There  have  been  numerous  experimental  and  theoretical  studies  on  the 
secondary  flame  of  rocket  exhaust  gases.**^  The  secondary  flame  is 
produced  by  the  ignition  of  fuel  rich  exhaust  gas  accompanied  with 
the  diffuslonal  mixing  process  of  the  oxygen  in  the  air.  The  nature  of  the 

y,j«.i  #  } 

secondaryVTsvery  dependent  on  the  chemical  composition  of  the  propellant 
used  and , the'  physical  geometry  of  the  exhaust  nozzle. 

The  secondary  flame  Is  eliminated  by  the  addition  of  a  small  amount 
of '.potassium  compounds.  The  suppression  of  the  secondary  flame  is  affected 
by  the  amount  of  the  additives,  chemical  compositions  of  the  propellants, 
and  aerodynamic  mixing  process  of  the  exhaust  gases  with  the  surrounding 
air.  In  this  study,  the  physicochemical  processes  of  the  suppression  of 
the  secondary  flame  have  been  studied  experimentally  In  order  to  elucidate 
the  role  of  potassium  compounds  In  the  exhaust  gases. 

Experimental 

The  propellants  tested  in  this  study  were  double-base  propellants 
consisting  of  nitrocellulose  (NC)  and  nitroglycerin  (NG).  Two  types  of 
double-base  propellants  were  formulated:  low-energy  and  high-energy 
propellant's.  The  energy  contained  in  the  unit  mass  of  propellant  was 
altered  by  changing  the  mixing  ratio  of  NC/NG,  The  detailed  chemical 
compositions  of  the  propellants  tested  In  this  study  are  shown  In  Table  1. 
The  chemical  additives  used  were  KNOj  and  KgSO^.  Each  additive  was 
mixed  within  the  low  energy  and  high-energy  propellants. 

A  micro-rocket  motor  was  used  to  evaluate  the  nature  of  the  combustion 
process  of  the  gas  exhaused  from  the  nozzle.  The  s'ize  of  the  propellant 
grain  was  120  mm  in  outer  diameter  and  140  mm  in  length,  The  geometry  of 

the  Internal  cross-section  was  five-pointed  star  geometry  in  order  to 
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gain  a  nutral  burning.  In  order  to  determine  the  effect  of  the  concent¬ 
ration  on  the  plume  suppression  two  types  of  propellant  grains  were  arranged 
along  the  motor  axis:  a  low-energy  or  a  high-energy  propellant  grain  was 
positioned  at  the  rear  end  of  the  motor  and  a  KNO^  added  propellant  grain  or 
a  !<2S04  added  propellant  grain  was  positioned  at  the  fore  end  of  the  motor. 
Since  all  the  additives  genereted  by  the  combustion  of  the  KNO^  or  K^SO^  added 
propellant  grain  flowed  out  with  the  combustion  gases  of  both  propellant 
grains,  the  concentration  of  the  additives  in  the  combustion  gas  exhaused 
from  the  nozzle  was  adjusted  with  changing  the  length  of  the  grains.  The 
concentration  was  simpley  determined  as 

where  $  is  the  averaged  concentration  of  the  potassium  compound  in  the 
combustion  gas,  is  the  concentration  of  the  potassium  compound  contained 
within  the  propellant  grain,  A  is  the  burning  area,  p  is  the  density,  r  is 
the  burning  rate,  and  the  subscripts  0  and  K  are  the  propellants  without 
and  with  potassium  compound,  respectively.  'TJwrltflierffiri  arrangement  of 
Chc-mlc-rtf^  rocket  motor'is  shoWn  in' Fig'.  K' 

In  order  to  examine  the  aerodynamic  effect  on  the  plume  suppression 
the  expansion  ratio  of  the  exhaused  nozzle  was  altered.  The  temperature 
of  the  combustion  gas  at  the  exit  of  the  nozzle  was  altered  by  changing 
the  expansion  ratio.  The  pressure  in  the  rocket  motor  was  also  altered 
either  by  changing  the  length  of  the  propellant,  grain  or  by  changing  the 
nozzle  throat-area. 


SUPPRESSION  IN  PREMIXED  H2/02/N2  FLAMES  SEEDED  WITH  HBr 
T  4-  «r>/»V/j>  p. 

ABSTRACT 

The  inhibition  effects  of  HBr  in  H2-air  flames  have  been  studied  theoretically.  Experimental  work  is  in 
protress.  The  effect  of  HBr  addition  on  the  laminar  burning  velocity,  peak  mole  fractions  for  H  and  OH,  the 
rate  of  fuel  and  oxidiier  decay,  the  rate  of  production  of  product  species  and  the  rate  of  temperature  rise  has 
been  studied. 

1.  Introduction 

Various  substances  have  been  added  to  propellants  in  an  effort  to  reduce  or 
eliminate  afterburning,  and  on  an  empirical  basts  alkali  metal  salts  such  as  K2S04  and 
KNO3,  have  been  found  to  be  effective  when  used  as  suppressant  additives.  Tailoring  of 
propellants  has,  therefore,  been  done  largely  by  empirical  variation  of  additives  in 
extremely  costly  testing .  This  approach  is  critically  limited  by  the  lack  of  fundamental 
knowledge  of  the  underlying  chemical  mechanisms  controlling  the  suppression  process.  A 
program  is  currently  in  progress  at  the  US  Air  Force  Rocket  Propulsion  Laboratory  to 
study  the  inhibtion  mechanism  of  H2/02/N2  flames  seeded  with  HBr.KCl,  and  KOH.  This 
paper  describes  the  work  done  so  far  (both  theoretical  and  experimental)  for  H2/02/N2 
flames  seeded  with  HBr.  The  primary  reason  for  the  use  of  HBr  is  to  caliberate  both  our 
theoretical  model  and  the  experimental  data  with  those  of  other  workers  (ref.  1*4)  reported 
in  the  literature. 

A  number  of  studies  have  been  rep  'iM  on  the  inhibition  of  hydrogen-air  and 
hydrocarbon-air  flames  seeded  with  HBr  and  other  halogen  compounds  (ref.  1-4),  For  an 
organic  halide  additive,  the  important  primary  reaction  is  probably  the  formation  of 
halogen  acid  HX 

RX  +  H  *=  R  +  HX 

For  Cl  IjBr  us  an  uddithe,  this  reaction  would  be; 

CHjBr  +  H  -  CH3  +  HBr 

When  HBr  is  the  inhibiting  species,  the  primary  effect  of  the  addition  of  the  inhibitor  is  to 
remove  flame  radicals  through  the  following  reaction; 

H(0H,0)  +  HBR  -  H2  (H2O.OH)  +  Br 

The  reaction  with  hydrogen  atoms  predominate  in  fuel-rich  flames.  This  reaction  alone  was 
found  insufficient  to  explain  the  observed  changes  in  flame  velocity  (1,2),  Dixon-Lewis  et 
al.  (1,2)  proposed  the  following  series  of  reactions  for  the  inhibiting  effect  of  HBr. 


H  +  HBr  Br  +  H2 
Br  +  HBr  -  H  +  Br2 
Br  +Br  +  M  *  Br2  +  M 
H+Br  +  M-HBr  +  M 
Br  +H02  =  HBr  +  02 


(R16) 

(R17) 

(R18) 

(R19) 

(R20) 


The  net  result  of  the  above  inhibiting  cycle  is  recombination  of  two  H  atoms  into  a 
relatively  unrcactive  H2  molecule.  This  recombination  is  catalyzed  by  the  presence  of  HBr. 
Hydrogen  atoms  removed  in  this  manner  are  unavailable  for  chain  branching  reactions  with 
02  molecules  through  the  reaction: 


H  +  02  =  O  +  OH 

The  validity  of  the  the  above  inhibition  reaction  scheme  is  based  on  the  observed 
changes  in  burning  velocities  and  flammability  limits  No  comparisons  have  been  reported 
between  the  the  experimental  temperature  and  composition  profiles  and  the  corresponding 
computed  profiles  using  the  above  reaction  mechanism.  One  of  the  objectives  of  this  study 
is  to  validate  the  inhibition  reaction  mechanism  by  comparing  the  computed  temperature  and 
composition  profiles  with  those  obtained  experimentally.  The  experimental  work  is  still  in 
progress. 

2.  Experimental  Facility 

The  experimental  arrangement  for  this  study  is  shown  in  Figure  1 .  The  flat  flame 
burner,  constructed  by  McKenna  Products,  Inc.,  has  a  6  cm  diameter  sintered  porous  disk 
through  which  the  premixed  samples  of  H2-Oj-Nj*HBr  flow.  A  0.5  cm  thick  coaxial  shroud 
ring  can  provide  a  N2  flow  or  a  H2/02/N2  shield  flame.  The  burner  is  mounted  on  a 
motorized,  x-y-z,  platform.  Flow  conditions  and  table  position  can  be  monitored  by 
computer  for  each  data  series, 

Several  AFRPL  laser  sources  are  available  for  this  study.  Each  source  can  be 
coupled  into  the  focusing  lens  optical  system  via  quartz  prisms.  The  Lambda  Physik  eximer 
laser  system  (Model  EMG  201  MSC)  provides  radiation  at  308nm  that  can  also  be  ■■  •no  to 
pump  a  dye  laser  (Model  FL2002).  The  Quanta  Ray  Yag  -  pumped  dye  laser  system. 

(Model  DCR-1A/PDL  - 1)  is  equipped  with  a  WEX  (wavelength  extender)  system 
providing  tunable  radiation  for  probing  Oil  radicals.  A  Coherent  Radiation  argon  -  ion  laser 
(Innova  -18)  is  also  available,  The  source  radiation  is  focussed  through  the  centerline  of  the 
burner  using  a  fused  silica  lens.  Raman  and  Rayleigh  scattering  and  laser  -  induced 
fluorescence  techniques  are  used  to  obtain  concentration  and  temperature  measurements  on 
the  major  species  and  OH  radical. 

The  scattered  radiation  is  collec'ed  by  a  lens  system  and  imaged  onto  the  entrance 
slit  of  a  0.75  meter  spectrometer  (  Spex  Industries  Model  number  1702).  The  signals  were 
measured  using  a  cooled  photomultiplier  lube  (RCA  Mode!  C31034A).  A  reference  signal 
was  provided  to  monitor  laser  intensity  by  a  photodiode,  Output  signals  from  the 
photomultiplier  and  photodiode  were  processed  by  either  an  EGG/Ortec  photon  counting 
system  or  an  EGG/PAR  boxcar  averager  (Model  4420).  Some  post  processing  of  the  signal 
was  done  with  a  EGG/PAR  signal  processor  (Model  4402).  All  data  was  recorded  on  a 
PDP/1 1  -  73  computer  system  and  subsequently  transfered  to  a  VAX  750/785  computer 
system  for  analysis. 

The  basic  gas  handling  system  provided  for  dilution  of  the  oxygen,  hydrogen,  and 
HBr  flows  separately  with  any  percentage  of  nitrogen.  The  mixed  H2/N2,  0:/N2,  and 
HBr/N2  gases  were  the  delivered  to  the  burner  after  mixing  at  a  point  well  upstream.All  gas 
flows  were  monitored  continuously  by  nieasuring(  approximately  2  percent  accura'y)  the 
differential  pressure  across  a  linear  gas  flow  element. 


3.  Theoretical  Work 


r 


Two  computational  models  were  used  for  calculating  the  temperature  profile, 
composition  profile  and  flame  velocity  (based  on  a  given  set  of  kinetic  mechanisms)  in  the 
premixed  flat  flame. 

The  first  model  was  developed  by  Coffee  and  Hcimerl  of  the  Ballistic  Research 
Laboratory  (ref.  1).  This  model  is  based  on  a  general  program  for  solving  a  set  of  N  non¬ 
linear  partial  differential  equations  of  at  most  second  order  on  a  finite  interval .  The  spatial 
discretization  is  accomplished  by  finite  element  collocation  methods  based  on  B-splines 
(ref.  5).  An  initial  solution  is  assumed  (between  the  unbumed  composition  and  the 
equilibrium  solution)  and  the  differential  equations  are  integrated  in  time  until  the  species 
concentrations  and  temperature  profiles  con  verge.  The  details  of  the  numerical  procedures 
are  discussed  in  ref.  6  and  7. 

The  ARBRL  computer  program  gave  satisfacory  results  for  Hj/Oj/Nj  flames.  The 
calculated  composition  and  temperature  profiles  and  flame  velocity  gave  good  agreement 
with  those  reported  in  the  literature  (ref.  8  and  9).  However,  as  the  kinetic  mechanism  was 
modified  to  include  the  suppression  reactions  due  to  the  presence  of  HBr,  KOH  etc. ,  the 
solution  with  ABRBL  code  did  not  converge  for  several  conditions  at  different 
concentrations  of  suppressants. 

The  second  computational  model  was  developed  by  Kee,  Grcar.Smooke  and  Miller 
of  the  Sandia  National  Laboratories  (ref.  10).  This  program  computes  the  composition  and 
temperature  profiles  and  burning  velocity  in  steady  laminar  one-dimensional  premixed 
flames.  The  program  accounts  for  finite  rate  chemical  kinetics  and  molecular  transport. 
Finite  difference  approximations  are  made  to  discretize  the  governing  conservation 
equations  on  a  non-uniform  grid  from  the  cold  boundry  to  the  hot  boundry.  The  Newton 
method  is  used  for  solving  the  boundry  value  problem .  Global  convergence  of  this 
algorithm  is  aided  by  invoking  the  time  integration  procedures  when  the  Newton  method 
has  convergence  difficulties(ref.  10). 

4.  Chemical  Kinetic  Mechanism 

A  fifteen  stop  reaction  mechanism  (Table  1)  is  used  for  simulating  the  base 
H2/02/N2  flames.  This  mechanism  has  been  shown  to  give  agreement  between  the 
computed  results  and  the  corresponding  experimental  data  (ref.  9).  The  associated 
thermodynamic  data  and  transport  data  have  been  compiled  (ref.  5)  and  a  sensitivity 
analysis  has  been  published  for  H2/02/N2  flames  (ref.  1 1).  A  five  step  reaction  mechanism 
as  proposed  by  Dixon-Lewis  et.  al.  (ref.  1  and  2)  is  added  to  the  15  step  reaction 
mechanism  for  simulating  the  inhibtion  effects.  The  rate  constants  for  these  reactions  are 
taken  from  ref.  1  and  the  backward  rate  constants  are  calculated  from  the  forward  rate 
constants  and  the  equilibrium  constants  (based  on  the  associated  thermodynamic  data). 

Table  1 

Reaction  Mechanism  for  H2/02/N2/HBr 
Reaction  A-Preexp  B- Temp  Exp  E-ActEnrg* 


1. 

OH  +  1I2  =  H20  H 

0.117E10 

1.3C 

3626.0 

2. 

H  +  02  =  OH  +  0 

0.142E15 

0.0 

16393. 

3. 

0  +  H2  =  OH  +  H 

0.180E11 

1.0 

8902,0 
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4.  H  +  02  +  H2  =  H02  +  H2 

0.103E19 

-0.7 

0.0 

5.  H  +  H02«0H  +  0H 

0.140E15 

0.0 

1073.0 

6.  H  +  H02-0  +  H20 

0.103E14 

0.0 

1073.0 

7.  H  +  H02-H2  +  02 

0. 125E14 

0.0 

0.0 

8.  OH  +  H02  -  H20  +  02 

0.750E13 

0.0 

0.0 

9.  O  +  H02-0H  +  02 

0. 140E14 

0.0 

1073.0 

10.  H  +  H  +  M«H2  +  M 

0.100E19 

-1.0 

0.0 

11.  h  +  h  +  h2-h2  +  h2 

0.920E17 

■0.6 

0.0 

12.  H  +  H  +  H20  -  H2  +  H20 

0.600E20 

-1.25 

0.0 

13.  H  +  OH  +  M  -  HjO  +  M 

0.160E23 

-2.0 

0.0 

14.  H+O+M-OH+M 

0.620E17 

-0.60 

0.0 

15.  OH  +  OH  *  0  +  H20 

0.575E13 

0.0 

775.0 

16.  H  +  HBr  ■  Br  +  H2 

0.530E14 

0.0 

2970.0 

17.  Br  +  HBr  -  H  +  Br2 

0.270E15 

0.0 

44110.0 

18.  Br  +  Br  +  M  -  Br2  +  M 

0.130E18 

-0.71 

0.00 

19.  H  +  Br  +  M-HBr  +  M 

0.977E18 

-0.71 

0.00 

20.  Br  +  HOj,  -  HBr  +  02 

0.340E13 

0.0 

0.0 

♦Rate  coefficients  are  expressed  as  k-AT^  exp(-E/RT)  in  cm-mole-sec  units 


5  Comparison  of  Burning  Velocity  for  Two  Codes 

Both  Sandia  Code  and  the  ARBRL  code  were  used  for  calculating  the  burning 
velocities,  composition  and  temperature  profiles  for  6  different  ratios  of  H2/02/N2  and  for 
varying  amounts  of  HBr  as  additive.  The  results  for  laminar  burning  velocity  are 
summarized  in  Table  2. 


Tabic  2 


Laminar  Burning  velocity.  cm/Sec 


II2:OvN:  HBr  Mole  Ratio 

ARBRL  Code  Sandia  Code 

4/1/4/0.0 

252.0 

264.7 

.44/.]  1/.444/.06 

N.C,* 

217.8 

.44/.  1 1/.44/.01 

N.C. 

194.1 

.436/.105/.435/.02 

N.C. 

156.7 

.427/.107/.426/.04 

N.C. 

109.1 

4/ 1/5/  0.0 

199.5 

190.0 

.396/.099/.495/.01 

N.C. 

158.9 

.392/.098/.490/.02 

N.C. 

120.7 

.388/  .097/.485/.03 

N.C. 

83.2 

.384/.096/.480/.04 

N.C. 

63.2 

2.25/ 1/  5/  0.0 

171,9 

181,0 

.27/.12/.60/.01 

142,0 

147.8 

.267/.  1 19/.594/.02 

N.C. 

119.3 

.384/.096/.583/.04 

N.C. 

80.7 

268 


1/  1/3/  0.0 

94.6 

92.2 

.198/.  198/.594/.01 

71.3 

59.2 

.196/.196/.588/.02 

57.6 

43.2 

•  192/.192/.576/.04 

41.1 

32.3 

1.8/ 1/4/ 0.0 

178.9 

185.9 

.262/.146/.582/.01 

147.6 

148.3 

.259/.144/.577/.02 

125.8 

121.3 

.254/.141/.565/.04 

93.9 

82.7 

60%  H2  -  40%  Air 

.60/.084/.3 16/0.0 

179.1 

167.1 

.594/.0832/.314/.01 

N.C. 

109.1 

.588/.0823/.310/.02 

N.C. 

64.4 

.576/.0806/.303/.04 

11.5 

*  -  No  Convergence 

21.9 

Both  codes  used  the  same  set  of  chemical  kinetic  mechanisms,  rate  constant  data, 
thermodynamic  data  and  the  transport  data  for  the  above  calculations.  Both  codes  require 
the  user  to  specify  a  set  of  numerical  parameters  such  as  tolerance  for  the  termination  of 
iteration,  number  of  grid  points,  and  other  similar  factors. 

Some  difficulties  were  encountered  for  obtaining  convergence  with  the  Sandia 
Code.  Initially  a  solution  was  obtained  for  a  given  ratio  of  H2/02/N2  ( with  HBr  mole 

fraction  equal  to  .005)  flame.  These  computations  generally  required  between  20  minutes 
to  3  hours  of  CPU  time  on  a  FPS164  MAX  processor  attached  to  a  VAX  750.  The  mole 
fraction  of  HBr  was  then  changed  in  steps  of  .005.  Each  successive  run  used  the  solution 
of  the  previous  run  as  its  initial  guess.These  computations  typically  required  30  seconds  to 
50  minutes  of  CPU  time  on  the  FPS164  processor.  If  the  changes  in  mole  fraction  of  HBr 
exceeded  0.005  from  one  run  to  the  next  one  ,  convergence  was  not  obtained  despite 
considerable  computational  time  (up  to  10  hours  of  CPU  time  on  theFPS164  processor  for 
some  runs), 

From  Table  2,  it  is  seen  that  the  computed  burning  velocity  from  the  two  codes 
agree  closely  with  each  other.  The  experimental  values  of  burning  velocities  have  high 
uncertainy  of  the  order  of  ±  20%  .  The  computed  burning  velocity  decreases  as  the 
percentage  of  HBr  increases  in  a  given  fuel  air  mixture  as  expected. 

Table  2  also  shows  that  the  burning  velocity  for  fuel  lean  flames  is  less  than  the 
corresponding  burning  velocity  for  fuel  rich  flames.  For  example  the  fuel  rich  flame  with 
H2/02  ratio  of  4/1  (100%  fuel  rich)  has  a  burning  velocity  of  264,7  cm/s.  The 
corresponding  fuel  lean  flame  with  H2/02  ratio  of  1/1  (100%  fuel  lean )  has  a  burning 
velocity  of  92.2  cm/s.  Thus  fuel  lean  flames  are  somewhat  inhibited  as  compared  to  fuel 
rich  flames  even  without  the  presence  of  HBr. 

Dixon-Lewis  el  al.  (1)  have  reported  calculated  burning  velocity,  temperature  and 
composition  profile  for  60%  H2  -  40%  air  flames  inhibited  with  4%  HBr.  The  results  for 
the  burning  velocity  and  peak  temperature  are  shown  in  Table  3, 

Table  3 


Ratio  of 
H2/02/N2/HBr 

0.6/.084/.3 16/0.0 


Burning  Velocity,  cm/sec 
Dixon-Lewis(l)  This  Work 


Peak  Temperature,  *K 
Dixon-Lewis  This  Work 


163.0  167. 0  1644.0  1626.0 


.576/.0806/.3034/.04  17.0  21.0  1585.0  1580.0 

This  shows  good  agreement  between  the  results  of  Dixon-Lewis  and  this  work.  The 
change  in  temperature  is  small  as  the  fraction  of  HBr  changes  from  0.0  to  0.04  in  the 
unbumed  mixture.  The  reduction  in  burning  velocity  is, therefore,  primarily  controlled  by 
chemical  inhibition  mechanisms,  which  become  activated  as  the  fraction  of  HBr  increases 
in  the  unburned  mixture. 

6.  Peak  OH  ,  Peak  H  Mole  Fraction  and  Burning  Velocity 

Figures  2  and  3  show  the  variation  of  computed  OH  peak  mole  fraction  vs  the 
change  in  HBr  mole  fraction  for  two  fuel  rich  ana  two  fuel  lean  flames.  Figures  4  and  5 
show  the  corresponding  peak  H  mole  fraction.  Figures  2-  5  show  that  the  peak  mole 
fraction  for  H  and  OH  decrease  as  the  %  of  HBr  increases  in  the  unbumed  mixture.  This 
trend  is  similar  to  that  of  burning  velocity  which  decreases  as  the  mole  fraction  of  HBr 
increases.  This  is  consistent  with  the  inhibition  mechanism  (ref.  1-41  used  for  these 
computations.  The  net  result  of  the  inhibtion  cycle  is  the  recombination  of  tw<fH  atoms  into 
a  relatively  unreactive  H2  molecule.  This  recombination  is  catalyzed  by  the  presence  cf  HBr 
.  Hydrogen  atoms  removed  in  this  manner  are  unavailable  for  chain  branching  reactions 
with  02  via  the  familiar  reaction: 


H  +02  -  O  +OH 

This  leads  to  the  reduction  of  H  and  OH  mole  fraction  in  the  flame  reaction  zone  . 

7.  Composition  and  Temperature  Profiles 

The  computed  mule  fraction  for  I l2  and  i  120  (two  of  the  major  species)  arc  show  n 
in  Figure  6  for  a  60%  1 12-40%  Air  flames  with  and  without  4%  HBr. Figure  7  shows  the 
corresponding  computed  temperature  profiles  fora  60%  H2  -  40%  Air  flame  inhibited  with 
4 %  HBr  and  the  corresponding  uninhibited  flame  as  a  function  of  distance  above  the 
burner  surface.  Adiabatic  flames  are  assumed  for  the  solution  of  the  energy  equation.  From 
Figures  6-7  it  is  seen  that  the  rate  of  temperature  rise,  the  rate  of  H2  (fuel)  decay  and  the 
rate  of  H20  production  are  lower  for  the  inhibited  flames  as  compared  to  those  for  the 
uninhibited  flames.  Approximately  90%  of  the  temperaure  rise  for  the  unseeded  flame  takes 
place  over  a  distance  of  about  .05  cm  (from  .125  cm  to  .175  cm  above  the  burner  surface). 
The  same  change  of  temperature  for  the  flame  seeded  with  4%  HBr  requires  a  distance  of 
about  .15  cm  or  approximatey  three  times  the  the  distance  as  compared  to  the  uninhibited 
flame.  Thus,  the  primary  flame  zone  (reaction  zone)  is  stretched  for  the  inhibited  flames. 

This  trend  may  be  related  to  the  the  suppression  of  the  afterburning  in  the  rocket 
exhaust  due  to  thepresence  of  similarly  acting  inhibitors.  The  exhaust  gases  from  the  nozzle 
of  a  rocket  exhaust  usually  contain  significant  proportions  of  unbumed  fuel.  This  fuel 
mixes  turbulently  with  the  ambient  air  as  the  jet  expands  .  Afterburning  occurs  where  the 
local  temperature  and  the  local  air-fuel  ratio  reach  the  auto-ignition  limit.  The  exhast  gases 
containing  the  suppressant  would  require  a  longer  distance  (time)  to  reach  the  same  level  of 
temperature  rise  for  auto-ignition  (afterburning) .  A  longer  distance  from  the  nozzle  Of  a 
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rocket  exhaust  would  also  contain  a  larger  amount  of  entrained  air  leading  to  the  decrease 
of  local  temperature  due  to  dilution  effect.  The  auto-ignition  temperatures  are,  therefore,  not 
reached  and  the  afterburning  is  suppressed. 

8.  Reaction  Br  +  H02  =  HBr  +  02 

Westbrook  (3,4)  did  not  include  the  reaction  Br  +H02  ■  HBr  +  Oj  in  the 
mechanism  for  hydrocarbon  flames  inhibited  with  HBr.  Dixon-Lewis  (1,2)  found  it 
necessary  to  include  this  reaction  (R20)  into  their  mechanism  in  order  to  observe  the 
reduction  in  burning  velocity  (for  a  fuel  rich  H2-02-N2  flame  seeded  with  .027%  HBr) 
while  at  the  same  time  maintaining  reasonable  values  for  the  rate  constants  for  the  reactions 
(R18)  and  (R19).  The  calculated  burning  velocity  changes  by  5-6%  if  the  reaction  R20  is 
not  included  as  may  be  seen  from  table  3. 


Table  3 


Ratio  of 

H20/0-,/N  2/HBr 

1.8/1/4/0.0 
0.262/.  146/.582/.01 
0.259/.  144/.577/.02 
0.2565/.  1425/.57 1/.03 


Burning  Velocity  cm/s 
R20  included  R20  excluded 


185.5 

148.3 

121.3 
104.0 


185.5 
155.8 
128.0 

110.5 


No  significant  difference  in  the  calculated  temperature  and  composition  profiles  when 
reaction  R20  was  included  in  the  reaction  set.  This  reaction  was  included  for  all  the 


reaction  R20  was  included  in  the  reaction  set, 
computations  reported  in  this  study, 

9. Post  Processor  Analysis 


A  post  analysis  of  some  of  the  computed  results  has  been  done  by  using  a  post 
processor  program  (ref.  12).This  program  computes  the  sign  and  magnitude  of  three  terms 
(net  convective  flux  out  of  a  differentia)  element,  net  chemical  formation  rate  and  the  net 
diffusion  lluxj  in  the  one-dimensional ,  steady  state  species  conservation  equation  at 
specified  points  in  the  grid.  The  mass  flux  due  to  chemical  reactions  and  diffusion  flux  are 
computed  from  the  flame  code  output  (which  also  gives  composition  profiles) .  The 
convective  term  is  calculated  by  fitting  3  adjacent  Y(k)’s  (mass  fraction  of  kth  species)  with 
a  cubic  spline ,  evaluating  the  derivative  at  the  mid  point, The  chemical  term  is  of  special 
interest.  The  contributions  of  the  individual  reactions  to  the  formation  and  destruction  of  the 
kth  species  within  an  element  arc  calculated.  The  relative  contributions  of  individual 
reactions  are  expressed  in  non-dimensional  form,  The  non-dimensional  numbers  represent 
the  ratio  of  the  formation/destruction  rate  for  the  kth  species  due  to  each  reaction  (one 
direction  at  a  time)  to  the  "total  rate".  The  "total  rate"  consists  of  the  sum  of  the  absolute 
values  of  the  following: 

-  The  chemical  formation  rate  summed  over  all  reactions  that  form  the  kth  species 

-  The  chemical  destruction  rate  summed  over  all  reactions  that  destroy  the  kth 
species 

-  The  net  convective  rate 

-The  net  diffusion  rate 


This  normalizing  factor  has  no  physical  significance.  The  non-dimensional  ratio  helps  to 
illustrate  the  relative  importance  of  various  reactions  in  the  formation/destruction  of  kth 
species  in  a  given  element  (zone  or  grid  point).  The  program  also  calculates  the  ratio  of 
forward  rates  to  the  backward  rates  for  each  reaction  in  a  given  zone.  Finally,  the  program 
points  out  any  reactions  that  were  never  found  to  be  important  in  the  flame.  These  could 
likely  be  deleted  from  the  mechanism. 

A  post  processor  analysis  was  done  for  60%  H2-40%  air  flames  seeded  with 
1%,2%,3%  and  4%  HBr .  The  following  reactions  were  never  found  to  be  important: 


60%  Hr40%  Air  - 1%  HBr 
-2%  HBr 

-  3%  HBr 

-  4%  HBr 


8,14 

8,9,10,11,13,14 

8,9,10,11,13,14 


These  conclusions  were  verified  by  eliminating  reactions  8-1 1 ,13  and  14  from  the  reaction 
mechanism  given  in  table  1.  The  computations  were  repeated  for  60%  H2-40%  air  flames 
seeded  with  3%  and  4%  HBr  using  the  modified  14  step  reaction  mechanism.  There  was 
no  significant  difference  in  the  results  computed  with  20  step  reaction  mechanism  and  14 
step  reaction  mechanism: 


60%  H2-40%  air  -  3%  HBr 
-  4%  HBr 


20  step  mechanism 
50.2 
21.9 


14  step' mechanism 
53.1 
21.3 


The  composition  and  temperature  profiles  for  the  two  cases  (14  step  and  20  step 
reaction  mechanism)  were  similur.lt  is  seen  that  a  shorter  mechanism  consisting  of  14 
reactions  is  able  to  nuxiel  the  Hume  structure  for  60%  I  l2-'40r/'<-  air  ihmos  seeded  with  3-4' r 
HBr  satisfactorily.  Reactions  8-11,13  and  14  involve  primarily  the  reactions  of  species 
H,OH  and  O  .For  flames  seeded  with  high  concentrations  of  HBr ,  the  mole  fraction  of  H 
and  01 !  is  lower  as  compared  to  those  for  the  uninhibited  flames.  The  dominant  inhibition 
reaction  16  (  H  +  HBr  ■  H2  +  Br)  is  close  to  equilibrium  above  1 OOOK.  This  reaction 
decreases  the  amount  of  H  available  for  the  main  chain  branching  reaction 

H  +  02  «  OH  +  O 

This  leads  to  a  reduction  in  the  average  concentration  of  H,  OH  and  O  in  a  given  element  of 
the  flames.  Thus  the  contributions  of  reaction  8-11,  13  and  14  become  insignificant 

The  processor  analysis  for  60%  H2-40%  air  flames  showed  that  the  reaction  16  was 
close  to  equilibrium  above  1000K  and  reactions  1  and  3  were  equilibrated  above  1550  K 
for  flames  seeded  with  1%  to  4%  HBr. 


•The  inhibtion  effect  of  HBr  in  hydrogen-air  flames  has  been  modelled.  A  fifteen 
step  kinetic  reaction  mechanism  was  used  for  computing  the  structure  of  base  hydrogen-air 
flames.  Five  additional  reactions  of  HBr  were  used  to  simulate  the  inhubtion  effects. 


1 


•The  laminar  burning  velocity  and  peak  mole  fractions  of  H  and  OH  decrease  as 
the  mole  fraction  of  HBr  increases  in  the  unbumt  fuel  air  mixture.  This  trend  was  exhibited 
by  both  fuel-rich  and  fuel-lean  flames. 

•The  laminar  burning  velocity  for  fuel-rich  flames  is  higher  than  the  corresponding 
burning  velocity  for  fuel-lean  flames 

•A  simplified  reaction  mechanism  consiting  of  fourteen  reactions  gives  results 
similar  to  those  obtained  with  twenty  step  reaction  mechanism  for  60%  hydrogen  40%  air 
flames  seeded  with  3  to  4%  HBr  in  the  unbumt  mixture. 

•The  primary  flame  rone  for  hydrogen-air  flames  seeded  with  HBr  is  longer 
(stretched)  as  compared  to  that  for  hydrogen- air  flames  having  no  HBr.  The  rate  of 
temperaure  rise,  the  rates  of  fuel  and  oxidant  decay  and  the  rates  of  production  for  product 
species  are  lower  for  flames  seeded  with  HBr. 

•These  results  will  be  compared  with  the  experimental  data. ,  which  is  expected 
within  the  next  month.  One  set  of  experimental  data  for  temperature  is  shown  in  Fig.  8. 
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FIGURE  1.  EXPERIMENTAL  ARRANGEMENT 
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FIGURE  2.  Computed  peak  mole  fraction  of  OH  as  a  function  of  HBr  added.  Values  arc 
given  for  a  flame  with  a  mole  ratio  for  H2/Q2/N2  of  1/1/3  compared  to  those 
with  a  mole, ratio  of  1. 8/1/4 


2 


OH  MOLE  FRACTION 


0.01 


0.001 


0.0001 


0.00001 
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FIGURE  3.  Com  \ted  peak  mole  fraction  of  OH  as  a  function  of  HBr  added.  Values  arc 
given  for  a  flame  with  a  mole  ratio  for  H2/02/N2  of  4/1/4  compared  to  those 
with  a  mole  ratio  of  7. 1/1/3.76. 
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MOLE  FRACTION  OF  HBr  ADDED 


FIGURE  4.  Peak  mole  fraction  as  a  function  of  HEr  added.  Computed  values  for  a  flame  with  a 
H2/Q2/N2  mole  ratio  of  7, 1/1/3.76  compared  to  those  with  a  H2/02/N2  mole  ratio 
of  4/1/4. 
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FIGURE  5.  Peak  mole  fraction  as  a  function  of  HBr  added.  Computed  values  for  a  flame  with 
a  H2/02/N2  mole  ratio  of  1/1/3  compared  with  a  H2/02/N2  mole  ratio  of  1 .8/1/4. 
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FIGURE  7.  Computed  temperature  profile  as  a  function  of  distance  above  the  burner 
surface.  The  H2/02/N2/H  Br  mole  ratio  is  0.6/0.084/0.3 1 6. 
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FIGURE  8.  Computed  temperature  as  a  function  of  distance  above  the  burner  surface. 

The  H2/02/N2'HBr  mole  ratio  is  0  19/0.07/0.72/0.01 .  An  additional  curve 
is  shown  without  UBr  for  comparision.  Experimental  values  are  shown  as 
squares. 
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